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Abstract 
The role of a color-managed inkjet proof is to predict and simulate the visual 
appearance of printed color. The proof-to-print visual match works well under different 
viewing conditions when the input ICC profile and the output ICC profile, built from 
characterization datasets, do not contain optical brightening agents (OBA). 
OBAs influence printed color when measured for characterization and viewed. These 
brightening agents absorb UV wavelengths in the illuminant and fluoresce in the blue 
wavelengths. As more and more OBAs are used in printing paper production, the role of 
color proofing becomes more difficult. The difference in the amount of the UV 
component of the measuring and viewing light sources cause a problem where the OBA 
effect, as measured, may not be the same amount of OBA effect that should be proofed 
under the viewing illuminant. 
There are two objectives in this research project. The first objective is to show how 
printed colors, under identical printing conditions on OBA and non-OBA substrates, look 
different than when they are proofed using current characterization for proofing practices. 
Both M0 (UV-included) and M2 (UV-cut) measurement data are collected from color 
patches with selected tonal values and input ICC profiles created from this data are used 
to proof the brightened reference print. The results show that the UV-cut characterization 
treatment produces a very poor proof to the reference, while the UV-included proof was 
ranked as a fairly high match. A third commercially available software designed to 
improve upon the UV-included treatment, the X-Rite Optical Brightened Compensation 
module, was also tested and found to be a good match to the reference as well. 
xi 
The second objective is to propose different ways the characterization data can be 
adjusted for the OBAs in a reference print on brightened paper, by accounting for the 
influence of UV in the measurement illuminant, and the influence of UV in the viewing 
illuminant. By means of psychometric analyses, the results show that (1) the proof-to-
print match is the worst when OBA in print and UV in the measurement illuminant are 
not addressed (UV-cut characterization data from M2); (2) although not conclusive, the 
proof-to-print match improves when OBA in print, UV in the measurement illuminant 
(characterization data from M0), and UV in the viewing illuminant are addressed. 
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Chapter 1:  
Introduction 
Introduction 
Paper naturally has a yellowish color cast because of the lignin that organically binds 
wood fibers together. Printing processes require substrates with the greatest whiteness 
and brightness possible to achieve large color gamut reproduction. This means that paper 
manufacturers have to find ways of whitening and brightening their papers. Whiteness is 
the visual perception of even reflectance of the entire visual spectrum. Brightness is the 
relative spectral reflection at the blue wavelength of 457 nm. This is done by bleaching 
and cooking the wood pulp, but this is a time-consuming and costly process. Another way 
of brightening a paper is to add chemicals known as optical brightening agents (OBAs) or 
fluorescent whitening agents (FWAs) to the paper mixture to increase the shorter blue 
wavelengths, attempting to offset the natural yellowness of paper. 
OBAs work by absorbing ultra violet (UV) wavelengths of the illuminant that are not 
visible to the human visual system and fluoresce at longer blue wavelengths, increasing 
the amount of blue light that reaches the eye, making the paper appear brighter. The 
strength of fluorescence is dependent on the amount of active OBA in the paper and the 
amount of UV energy that stimulates the compound. This means that in addition to color 
differences caused by straight spectral reflection of the spectral power distribution of 
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different viewing illuminants, there are differing amounts of blue fluorescence based on 
previously ignored portions of the spectrum. 
The current method of characterizing a print condition for color management 
measures the spectral reflectance of a set of known device counts (i.e. combinations of 
CMYK percentages) under whatever illuminant is in the spectrophotometer. An ICC 
profile is then made from this characterization data using the D50 standard illuminant as 
its assumed final viewing condition. A proof can then be made using this ICC profile, 
which is then viewed in a viewing booth under a viewing illuminant that is an 
approximation of D50.  
Statement of the Problem 
Current methods of characterizing a print condition for the creation of color 
management profiles do not produce an accurate dataset when the fluorescent effects of 
OBAs are present, if the resulting print is viewed under an illuminant that does not match 
the measuring illuminant. When used in a common color management workflow, like 
proofing a brightened press paper on non-brightened proofing paper, profiles made  
from these characterization datasets cause hue shifts in the printed proof that do not 
visually match the press sheet reference. The results are poor color matching between 
color reproduction prints on brightened press papers and proofs on non-brightened 
proofing paper. 
Standard methods of measuring characterization data for color management are 
defined in ISO-13655 (2009): Spectral measurement and colorimetric computation for 
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graphic arts technology. The samples are illuminated by using an A light source that 
includes the UV portions (but is not specifically controlled) of the spectrum (M0 
condition) or by passing the illuminant through a UV-cut filter that suppresses the UV 
portions (M2 condition). The M2 condition suppresses the OBA effect by not allowing 
any UV energy to stimulate the OBAs in the sample. The M1 measurement condition 
specifies that the illuminant shall conform to the D50 lighting standard in the UV energy 
range and the visible wavelengths can either match D50 or be compensated for their 
differences. However, the M1 condition is not commonly available in most strip reading 
spectrophotometers and is therefore outside of the scope of this research. 
In addition to standard methods of measuring characterization data for proofing there 
are also commercial products that claim to correct for the presence of OBAs using 
software, such as X-Rite’s Optical Brightener Correction (OBC) software. 
A proof made from a profile created from a UV-included measurement condition 
(ISO-13655 M0) should look visually identical when printed on the same brightened 
paper as the reference and viewed under the same illuminant as the measurement device. 
The reason for this is that the UV component in both the measurement illuminant and the 
viewing illuminant stimulates the OBAs in the paper in the same way giving the same 
response. Most viewing illuminants do not have the same spectral power distribution 
curve as a spectrophotometer, and therefore will stimulate the OBAs in different 
amounts, resulting in more or less fluorescence. If the viewing illuminant contains more 
UV than the measuring device the proof will look bluer than the measurement numbers 
because there is more blue fluorescence. If the viewing illuminant contains less UV the 
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proof will look yellower than the measurement numbers because the OBAs are not as 
excited. Given that the reference and proofing papers will be judged under the same 
illuminant, the visual difference will be negligible. 
If the same proof series on the brightened press paper was made using the UV-cut 
measurement condition (ISO-13655 M2), and if UV is present in the viewing illuminant, 
the proof, and reference, the proof on brightened paper will almost always look bluer than 
the measurement data would imply. The measurement device will measure flat 
reflectance only, while the viewing illuminant will cause the OBAs to fluoresce, adding 
more blue to the image than was characterized by the measurement. The more UV 
component in the viewing illuminant, the bluer the perceived color will be. As the  
UV component reaches zero (similar to the measurement condition), the closer the 
perceived color match will be to the measurement data. The match between the reference 
and proof printed on the same substrate will be visually very close because the OBA 
component of the paper is identical, the difference would be in the measurement data and 
the visual response. 
However, most proofing is done on inkjet devices that require specific paper 
characteristics to print on, and therefore most press papers cannot be used with this 
technology. Rather than have two levels of OBA fluorescence (press sheet reference and 
proofing paper) it is best to use a non-brightened proofing paper to reduce the variables 
that need to be controlled for accurate color management.  
Characterization measurements of a highly-brightened reference press paper using a 
M0 UV-included condition will result in a close match on the proof when viewed under 
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the same lighting conditions as the measurement device, however this is not normally the 
viewing illuminant. The proofing paper will not fluoresce as the reference paper does, but 
the fluorescence measured by the measurement condition will be simulated with ink to 
approximately the same level as the reference under the same light source. If the UV 
content of the viewing illuminant is higher than the measurement illuminant the proof 
will look more yellow because the brightened reference substrate will fluoresce more 
than the proof will simulate with ink. If the UV content of the viewing illuminate is lower 
than that of the measurement device the proof will appear bluer than the reference under 
the same light source. This is because the reference substrate will fluoresce less than 
when the characterization data was measured, which is what the proof will simulate  
with ink. 
Profiles generated from UV-cut characterization data used to make proofs on non-
brightened proofing paper should produce a close match as long as there is no UV 
component in the viewing illuminant. As the UV component in the viewing illuminant 
increases the proof will be perceived as more yellow because there is no fluorescence of  
OBAs to match the fluorescence of the reference paper.  
Table 1 illustrates the expected results of proofing a highly-brightened reference 
paper using current characterization paradigms. When proofing on the same substrate as 
the reference the result should be very close because the amount of fluorescence under 
any common illuminant is the same due to the same substrate. However, this is 
commonly not an option. Inkjet proofing requires very specific substrate properties to 
generate a quality image, which are rarely found in production printing substrates. This 
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means that the proofing substrate must be different and, as discussed above should be 
non-brightened to reduce the number of variables that need to be controlled for accurate 
color management. 




condition of  
Reference paper 
UV component of 




Resulting proof  
will appear… 
Same brightened  
paper as reference 


















More more yellow as the UV component increases 
Same same 
Less more blue 
None more blue 
UV-cut  
(ISO-13655 M2) 
More more yellow as the UV 
component increases Same 
Less 
None close 
Significance of Topic 
The fairly common measurement device that is most suited for color management is 
X-Rite’s i1-iSis scanning spectrophotometer. The device is equipped with two LED 
illuminants: one that is designed to emit only in the ‘visible’ spectrum and one that emits 
in the UV spectrum. This allows the measurement of flat reflectance and fluorescence in 
a common spectrophotometer. 
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Commercially available software, such as X-rite’s Optical Brighter Compensation 
module, attempt to characterize the fluorescent effect of OBAs by measuring the 
characterization target under both UV-included and UV-cut conditions. It then evaluates 
the strength of the OBA effect under a specific viewing illuminant by using a visual 
comparison of gray patches. By measuring the fluorescent effect, and estimating the 
strength of the effect under the viewing illuminant, the software creates an adjusted 
characterization dataset for use in profile generation. This type of software tends to be 
cumbersome to use because of the multiple step characterization process. It is also based 
on visual comparisons of fluorescence, resulting in an estimate of the strength of the 
effect. The resulting proofs made from this characterization data seem to have the same 
problem of a yellow cast even under the illuminant for which they are designed. 
It is possible to accurately measure fluorescence and therefore characterize its effects 
on color reproduction by using a bispectral fluorescence colorimeter (BFC). The BFC 
uses a monochromator to radiate the sample with a select wavelength, while the 
reflectance or fluorescence are measured across the spectrum. The emitting 
monochromator is then stepped to the next wavelength and the full spectrum is measured 
again. This creates a three-dimensional matrix of the ‘reflectance’ at each emitted 
wavelength, characterizing both flat reflectance and fluorescence. However, this type of 
measurement takes upwards of 15 minutes per sample, and only a handful of these 




Reason for Interest in Topic 
The researcher has an interest in color science and precision instrumentation. While 
working with current color instrumentation he came across a flaw in the current 
instrumentation design. There is a difference between the light source in an instrument 
and the viewing illuminant that causes fluorescence to be misread and misinterpreted 
such that a color-managed proof would be inaccurate.  
After investigating a commercially available product that claims to adjust for the 
difference in light sources and finding the process very inefficient for conventional 
printing processes, the researcher decided to investigate whether if this process was worth 
pursuing and devise a method of his own. 
Definition of Terminology 
1) Characterization data: Measured colorimetric (e.g. CIELAB numbers) data of known 
device counts. Used in determining a device’s current capabilities and calculating its 
ICC profile. 
a) Averaging of…: A concept method of averaging UV-included and UV-cut 
spectral measurements at each wavelength to potentially adjust characterization 
data for optical brightening agents. 
b) Simple Scaling of…: A concept method of adjusting characterization data for 
optical brightening agents by scaling the fluorescence by a ratio of the UV 
components of the measuring and viewing illuminants. 
2) Fluorescence: The absorption of shorter wavelengths and emission of lighter 
wavelengths. (e.g. absorbing UV wavelengths and emitting blue wavelengths) 
3) Optical Brightening Agent (OBA): An additive used in the manufacturing of paper 
that fluoresces blue wavelengths by absorbing UV wavelengths that brightens and 
whitens paper. 
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4) Spectrophotometer: A color measurement device that measures the spectral 
reflectance of a sample. 
5) Straight reflectance: Spectral reflectance where the measured wavelength is the same 
as the wavelength of incidence. (i.e. non-fluorescence) 
6) Ultra Violet (UV): Light wavelengths ranging below 400nm.  
7) UV-cut: A light source that does not emit or has blocked wavelengths below 400nm. 






Recent trends in print buying have demanded more accurate and consistent color on 
brighter and whiter papers. In response, paper manufacturers have delivered the brighter 
paper and left the color management up to the printer. Paper manufacturers have turned 
to optical brightening agents to create the perception of brighter papers while, in fact, 
creating color management difficulties.  
The human vision system views bluish colors more as white, and yellow as dirtier. 
The lignin in paper turns it slightly yellow unless the pulp is treated by expensive 
bleaching processes. Optical brightening agents add blue to the color of the paper, 
offsetting the yellow and making the paper look whiter. OBAs achieve this by absorbing 
short ultra violet wavelengths (usually in the 350-400nm range) and remitting that energy 
as bluer visible wavelengths (400-450nm). There has been a fair amount of research 
surrounding OBAs, fluorescence, and color management concerning the measurement 




Optical brightening agents artificially brighten paper by absorbing ultra violet 
wavelengths in the 350-400nm range and transmitting them in the 400-450nm range. This 
is a demonstration of fluorescence, which is defined as “the property of some atoms and 
molecules to absorb light at a particular wavelength and to subsequently emit light of 
longer wavelength after a brief interval” (Herman, Lakowicz, Murphy, Fellers, Davidson, 
2008). Brightness of paper should not be confused with whiteness, which is how evenly 
the paper reflects light. Brightness is the amount of blue light that is reflected. The 
current measurement techniques can be found in PITA’s guide to Commonly used test 
methods for paper and board, which specifies TAPPI 452 and ISO standards (PITA, 
2005; p. 39). The TAPPI testing method measures the relative reflectance at 457nm 
because this is the blue wavelength that most accurately opposes the objectionable 
yellowness of paper (TAPPI, 1996). Papers containing OBAs will have a higher reading 
at this wavelength than that of the base paper because the OBA fluoresces around this 
wavelength and can actually produce a response that is higher than the stimulus of the 
measuring device. 
History of OBAs 
Optical brightening agents are not a new invention. The idea of artificial brightening 
came from Gabriel Stokes in 1852 when he wanted to make textiles brighter and whiter 
without costly bleaching (Zahradník, 1982; p. 10). This was not necessarily done by 
transforming UV energy, but could transform any higher energy wavelengths into longer 
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wavelengths. This is in accordance to Stokes’s first rule that states that “the emission 
spectrum of such a substance appears as a broad band (approximately 100 nm) which is 
shifted, however, to longer wavelengths” (Zahradník, 1982; p. 10). In 1921 V. Lagorio 
created some fluorescent dyes that transmit more visible light than corresponds with the 
absorbed visible light, and found that it must be taking the energy from the invisible UV 
region of the spectrum (Zahradník, 1982; p.10). These fluorescent dyes were all natural 
until 1934, when the first synthetic organic OBAs were created. The important 
development for the printing industry came in 1943, when the first water-soluble OBAs 
were produced that had a good affinity for fibers so that they could bind well in papers 
(Zahradník, 1982; p. 10). 
Recently, the use of OBAs in printing papers has been increasing because print 
buyers are demanding brighter colors and brighter paper. 
Application of OBAs 
The main application of OBAs in printing papers is to artificially brighten papers. By 
‘adding’ blue wavelengths, the yellowness of the paper diminishes, which the eye 
perceives as brighter and whiter. While this is not a new idea, the popularity of OBA-
brightened papers has grown dramatically in recent years. The brightness of a printed 
substrate can increase the gamut and vibrancy of colors printed on them. Print buyers 
constantly want more color for their products to make them more attractive to people 
passing by. 
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The use of OBAs in paper is not the only application, however. Brightening agents 
are used in textiles to make colors brighter and more vibrant, markers and highlighters  
for their bright fluorescent properties, and detergents to reduce the dulling effects of 
washing clothes. 
The goal of color management is to reproduce colors accurately, so OBA-brightened 
papers are something to control, fight with, or adjust for. In the paper Substrate 
fluorescence: Bane or boon? the authors have used the fluorescence of the OBAs in the 
paper to their advantage to create a printable watermark without the use of specialized 
inks (Bala, Eschbach, Zhao, 2007). They agree that common light sources vary 
considerably, making it almost impossible to predict the effect of OBA fluorescence on 
color reproduction. They present the idea that yellow inks have a very low visual contrast 
with white paper—even OBA-brightened paper where the OBA fluorescence affects the 
lightness of the paper more than the hue. However, yellow inks absorb most of the short 
UV wavelengths, whereas the paper fluoresces using the same UV energy. This creates a 
high contrast effect under UV energy allowing hidden images to be produced using 
different yellow colorants, which can be further hidden by distracting patterns of cyan 
and magenta inks that are more transparent to the UV energy. 
Color Management 
Color management is currently a very important area of the graphic arts. Customers 
expect more accurate and consistent color, and are increasingly unwilling to compromise 
in this area. There have been many studies and much research done in the area of what 
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happens to color when printed on papers containing OBAs, but little has been done on 
how to manage the OBA-induced color mismatch between brightened print and non-
brightened proofing papers. 
In Paper: The Fifth Color, Trish Wales (2008) talks about paper being a major part 
of color reproduction in print. Today people want “bright” paper, which means as white 
as possible especially in the blue hues. One way of doing this is adding optical 
brightening agents during the paper milling, which use ultra violet wavelengths inherent 
in many light sources and fluorescing in the blue wavelengths to offset the yellow of the 
lignin that makes up the paper. This is cheaper than adding expensive dyes or bleaching 
the paper, making it the method of choice for “brightening” papers. 
When it comes to color management OBAs create color-matching problems because 
colors tend to shift when viewed under different light sources. To make matters worse, 
OBAs create different intensities of a blue color cast based on the amount of OBAs in a 
paper and the intensity of the UV wavelengths that are present in the viewing light 
source. Also, many “standard” light sources, such as D50, do not control the UV portions 
of the spectrum, only the visible parts. This means that two light sources that comply 
with the D50 standard may produce the same visual spectral emittance, but have  
different UV emittance. This affects the OBAs in the paper differently creating varied 
color reproductions. 
Given that the viewing condition can be characterized in both visual and UV 
wavelengths for a print, and therefore adjust for the OBA response, it cannot be 
guaranteed that the measurement device is reading using the same light source, thus 
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measuring the paper properly. This means that white point compensation has moved from 
being a science back to being an art. 
The study that Chromaticity Incorporated (2008) conducted with inkjet media and 
press papers containing OBAs investigated the effect the OBAs had on color 
reproduction, specifically whether they increased the effect of metamerism. The study 
also looked at measurement failure in inkjet proofing when using a UV-cut-off filter or 
including UV energy in profile measurements. It argues that inkjet proofs are no more 
metameric than printed work when the inkjet paper contains a reasonable amount of 
OBAs. It also says that OBAs do not fool measurement devices into thinking there is 
more blue than visually seen, making profiling software overcompensate. 
The study measured samples with and without a UV filter, then converted the data 
into the expected responses under D50, F2 (cool fluorescent) and A (incandescent) light 
sources and then calculated ∆Es to predict metamerism. This methodology is flawed 
because the measurements were taken using the one light source of the measurement 
device, which has unknown UV properties. These measurements only contain the spectral 
data for the visual spectrum, and exclude the UV wavelengths, so the OBA response of 
the samples under different light sources cannot be predicted. 
The study does show that there was a difference in the b* readings with and without 
the UV filter, but that the delta b* was very low in inked areas. This suggests that even a 
small amount of ink can reduce the effect of OBAs on color reproduction. On the other 
hand, when the input ICC profile, influenced by the high amount of OBA in print, is 
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bluer (-b*) than the output ICC profile of the proofer, the white point mismatch will 
occur due to gamut clipping. 
Color management is supposed to get “us very close, very quickly [and it] removes 
the need for endless iterations” (Sharma, 2004; p. 46), but “given the variables involved, 
it is very difficult to come up with a universal recommendation for how to deal with 
fluorescence” (Sharma, 2004; p. 270). Color management can be challenging enough 
when considering just the visible spectrum without dealing with the invisible becoming 
visible, but if customers continue to demand brightened paper, and paper companies 
continue to put OBAs in their products, then color management must adjust for it. 
To incorporate the effect of fluorescence in color management we need to consider 
the following: 
• Amount of ultra violet (UV) radiation in the light source of the  
measuring instrument 
• Compensation for fluorescence by profile-generation software 
• Amount of optical brighteners in the printing paper 
• Amount of UV in the light source of the viewing booth (Sharma, 2004; p. 269) 
In Brighter is better? Investigating spectral color prediction of ink on optically 
brightened substrate, Calabria and Rich (2003) tested offset press sheets printed to 
SWOP densities and found that there was a more significant ∆E when printing on OBA-
brightened papers than non-brightened papers. There was a significant ∆E of 3.0 in the 
magenta areas of these test sheets (Calabria & Rich, 2003; p. 290). On further 
investigation they found that there was little change in the L* values, but more in the C*, 
or chroma, of the colors (Calabria & Rich, 2003; p. 290), which shows that it is not the 
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lightness of the colors that change, but the actual color that shifts due to the increase  
in blue. 
In the paper Problems in color measurement of fluorescent paper grades the authors 
discover problems with control in the area of the color saturation and absorption of the 
shorter wavelengths in addition to the color casts created by the OBA effect (Shakespeare 
& Shakespeare, 1999; p. 290). OBAs absorb mostly UV wavelengths below the visual 
sensitivity of the human eye (400nm), but they also absorb some of the shorter parts of 
the visual spectrum. This can lead to the loss of some of the violet components of some 
colors. Desaturation of some colors has also been observed on some papers where OBAs 
are present (Field, 2004; p. 99). 
The light source is very important in both measurement and viewing when 
discussing OBAs. The viewing illuminant is always important to accurate color 
reproduction, but people are usually only concerned with the visible spectrum and not 
about the UV component. UV must be considered because it is an active ingredient when 
OBAs are present. The amount of UV in a light source has a direct impact on how much 
OBA effect will be seen; and because all light sources have different spectral power 
distributions it can cause metameric issues with a proof on OBA-brightened paper where 
the press sheet did not contain any brighteners, or vise versa (Field, 2004; p. 99). ISO 
standards do touch on this by taking into account the UV spectra for whiteness and 
brightness, and assume a total spectral reflectance, not a precise distribution. Different 
papers with OBA will have a different distribution and therefore the method is faulty 
(Jordan, Zwinkels & McGarry, 2003; p. 420). Under some light sources the effects of 
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OBAs will go unnoticed due to a lack of UV component in the illuminant (Chung & Liu, 
2008; p. 44). 
Testing done on traditional ICC color management workflows has shown that there 
is no standard procedure for adjusting for OBA effects (Sharma, Millward, Dejan, Isaak, 
2008). One piece of advice right now is to measure everything with a UV-cut filter that 
basically ignores the OBA effect and to use trial and error to achieve the required results 
(Warter, 2008; p. 30).  
One technology that is attempting to adjust for OBAs in papers is X-rite’s i1-iSis and 
OBA correction module (X-rite OBC). This device and software package measures a 
target without UV stimulus and then again with only UV stimulus, and tries to reconcile 
the differences to predict the OBA effect and adjust for it (Ehbets, Frick, Wegmuller, 
Orelli, 2007). The technology makes many generalizations about the OBA compound and 
the viewing illuminant that have yet to be completely explored. 
Color Measurement 
Traditional color measurement is focused on the visible spectrum and has its own 
problems. The light source inside any device is different than any other device and 
therefore responds differently (Chung & Liu, 2008; p. 44). Conventional color 
measurement methods are specified in ISO-13655: Spectral measurement and 
colorimetric computation for graphic arts images, which specifies four measurement 
conditions for different applications. The M0 measurement condition, added to the 
standard in 2009, specifies that the measurement illuminant should conform to CIE 
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standard illuminant A (an incandescent lamp) but does not specify the spectral 
distribution or the UV component. M0 is included as a legacy condition for devices using 
these types of illuminants, primarily to calculate density. Because M0 is broadly defined 
this is the measurement condition that most devices fall under and is most commonly 
used (Cheydleur & O’Connor, 2011). The second condition is M1, which requires the 
illuminant to exactly match the D50 standard and measures the spectra including the UV 
component. The third condition, M2, specifies any illuminant, but with the UV 
component (below 400 nm) filtered or UV-cut. The fourth, M3, uses a polarization filter 
to suppress the first-surface reflection from high-gloss or metallic surfaces that may 
influence the measurement. This is not widely used in the graphic industry. The ISO 
13655 document acknowledges the problems caused by fluorescence of OBAs, but does 
not provide any correction for them except to follow the M1 condition exactly. M1 
requires that the measuring illuminant and the viewing illuminant follow the D50 
standard exactly, which would work because the illuminants match even in the UV range. 
However, the document also states that light booths that “conform” to D50 do not have 
the exact spectral radiance of D50, nor do the measuring illuminants, so it cannot be 
carried out practically (ISO-13655, 2009). 
The widely accepted choice for characterization measurement is to use the UV-
included option for proofing. The IDEAlliance’s Proofing Certification & Verification 
Programs specify that the UV-included measurement be used in all certified proofs 
(IDEAlliance, 2008). 
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Fluorescence is difficult to measure and can lead to different colorimetric  
values because a standard spectrophotometer does not specifically look for it  
(Gonzalez, 2000; p. 2). 
Measuring Fluorescence 
Allen and Donaldson are very important researchers when it comes to fluorescence. 
In Donaldson’s paper Spectrophotometry of fluorescent pigments he has designed a 
device and method for measuring the fluorescence using a double monochromator 
(Donaldson, 1954). This device emits each wavelength one at a time and reads the entire 
reflected spectrum, creating a matrix of values. This provides a full picture of stimulus 
and response without any overlapping responses. Allan used this device and measurement 
method to separate the fluorescent responses from the underlying color in his paper 
Separation of the spectral radiance factor curve of fluorescent substances into reflected 
and fluoresced components (Allen, 1973). As Allen states, “the determination of the true 
reflectance curve is useful for calculating the spectral radiance factor curve that would be 
obtained under another light source and for determining the quantum efficiency of 
fluorescence” (Allen, 1973; p. 289). With this information the OBA effect can be isolated 
from the natural response.  
Another similar device has been patented is a bispectral colorimeter (Jablonski, 
Leland, Montminy, Carr, Springsteen, Griffiths, Arecchi., 2001). Both of these devices 
are very slow and are not feasible for industrial use in a print shop. 
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ISO-15397 (2013): Graphic Technology — Communication of graphic paper 
properties describes two methods for communicating the level of fluorescence of OBAs. 
The first is by measuring the sample under illuminant D65/10˚ UV-included and UV-cut 
conditions and calculating the difference. As a result the paper’s fluorescence can be 
classified as “faint, low, moderate and high” (ISO 15397, 2013;). However, it is also 
noted that this illuminant is not the standard illuminant for graphic arts applications. The 
second method uses the difference between CIE-b* when measured using the M1 and M2 
conditions, which more closely follows typical graphic arts procedures. The standard 
does note that there may be deviations where the viewing and measuring illuminants  
are different. 
Visual Evaluation 
A printed product can be measured and colorimetrically quantified in many ways but 
“the success of a color reproduction process is ultimately determined by whether the 
viewer likes what he or she sees in print” (Adams & Weisberg, 1998). The visual 
inspection of any image depends on many factors, several of which can be controlled. 
The viewing condition is very important when it comes to a visual inspection of any 
image printed on papers containing OBAs because the paper itself is very sensitive to the 
light source to produce its effect. The amount of UV energy in the light source 
determines the amount of blue the OBAs will produce, and therefore how much yellow it 
is offsetting. If the lighting conditions are not exactly what has been predicted, then there 
can be a color cast in either the blue or yellow directions. This is most noticeable in the 
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yellow and highlight areas (Norberg, 2007; p. 10). “One clue that you have a problem due 
to fluorescence is a light yellow or light blue cast in the highlights of an image” (Sharma, 
2004; p. 269). The ICC has also found that OBAs create a large color difference when 
printing using standard ICC color management, especially in the highlight areas 
(International Color Consortium, 2005). 
Other OBA Concerns 
The most prevalent question surrounding OBAs is the color management question, 
but this is not the only area of this issue that needs to be understood. An area of great 
interest is the stability of the OBAs contained in the paper. The chemicals used do not 
work forever. Environmental concerns such as ozone and the chemical breakdown due to 
UV and air interaction quench the effects of OBAs over time, negating their effect 
(Reber, Hofmann, Fuerholz, & Pauchard, 2007; p. 711). When the effects of OBAs in 
paper wear off, the paper appears yellow, completely changing the perception of the 
colors on the paper. Many OBAs are not actually clear, but have a yellow tint to them 
naturally, so this yellowing is worse if the paper had nothing added to it. This begs the 
question, do we color manage so that the print looks good tomorrow or a year from now? 
Many inkjet papers contain OBAs and many sign companies like to use them to take 
full advantage of the increased gamut capabilities of inkjet printers to create bright, eye-
catching signs. However, inkjet inks are notorious for fading quickly due to the UV 
energy in direct sunlight. To counter this it is common practice to laminate the print with 
a UV protection coating. This coating reduces the amount of UV energy that contacts the 
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ink, but also blocks the paper. Since OBAs absorb UV energy to produce their brightness 
the UV protection coating negates their effect, causing even more problems for color 
management, because now adjustments have been made on a paper that may or may not 
need them depending on the finishing (Chovancova-Lovell, V. & Fleming, 2006; p. 229). 
Summary 
There has been a great deal of research done in the area of optical brightening agents, 
both in detecting them, and their effects on color. However, there is very little research on 
how to adjust a color management system to correct for these issues. Right now there are 
recommendations to essentially ignore the issue, or adjust by hand using trial and error. 
There is an emerging technology that tries to solve the color management problem, but it 
is yet unproven and require more testing. 
The problem of adjusting for OBAs in paper for a color-managed proofing system is 
important as consumers demand brighter papers and accurate prediction of printed color 




This research can be divided into two parts. The first is to demonstrate the effect of 
optical brighteners, the problem that they can cause, and the current solutions. The 
second part to this research is to test two experimental techniques for improving the 
visual match of a proof to a reference print on optically brightened paper compared to the 
visual match achieved using current solutions. 
Research Questions 
The first part of this research attempts to answer the questions: 
• Is there a visually noticeable difference between the same reference print when 
printed on non-brightened and highly-brightened paper when viewed under an 
illuminant containing a significant amount of UV component? 
• Do current characterization and color management techniques produce a visually 




The second part of this research is tested using a statistical paired comparison. 
Therefore the following hypothesis is evaluated: 
The paired comparison will evaluate the two concepts (Concept #1: Averaging and 
Concept #2: Simple scaling) in comparison with three currently offered solutions:  
UV-cut, UV-included and OBC (optical brightening compensation) characterization  
for proofing. 
H1:One or more of the proofing techniques investigated produces a different (better 
or worse) quality of visual match in comparison to the other techniques when the proof is 
printed on non-brightened paper, the reference is printed on highly optically brightened 
paper and the proof and reference are viewed under an illuminant having a significant  
UV component. 
H0: There is no difference in the visual match among the five proofing techniques 
investigated when the proof is printed on non-brightened paper, the reference is printed 
on highly optically brightened paper and the proof and reference are viewed under an 






The effect of optical brightening agents is demonstrated by creating two reference 
“press” prints on similar non-brightened and brightened press papers using the same 
printing condition. The prints are visually compared in a standard viewing booth under 
D50 lighting conditions to observe the effect of optical brightening agents on color. 
A series of characterization measurements are taken of the brightened and non-
brightened reference prints using current standard procedures as defined by ISO-13655 
(M0 and M2). A commercially available optical brightening compensation software is 
used to create a third characterization dataset for the brightened reference as a 
demonstration of current technology for correcting for OBAs.  
Proofs of the two reference prints are made on non-brightened proofing paper using 
profiles made from these characterization datasets. The proofs of the non-brightened 
paper will demonstrate that current color management procedures work for non-
brightened press papers. The proofs made of the brightened reference print  
demonstrate the failure of current color management procedures when proofing a 
brightened press paper. 
A procedure for adjusting characterization data for the presence of OBAs in the 
reference print so that a proof will simulate the effect of OBAs on color under a specific 
viewing illuminant was developed from two concepts. The first is simply to average the 
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UV-included (ISO-13655 M0) and UV-cut (ISO-13655 M2) spectral reflectance 
measurement data. The second concept assumes the OBA effect can be applied as a 
simply scaled version of the measured OBA effect, taking the ratio of the UV component 
of the viewing illuminant and the UV component of the measuring illuminant.  
These procedures are applied and proofed using ICC profiles made from these 
characterization datasets, and then visually evaluated against the brightened reference 
print. The final proofs are visually evaluated by a group of observers through paired 
comparison where they are asked, “Which of these samples most closely matches the 
reference print?” 
Materials and Equipment 
Substrates 
Two reference prints on typical press substrates, one brightened with OBAs and one 
with little to none added, are required for this study. These two papers have the same 
surface and colorimetric qualities with the exception of the presence of OBAs. One such 
pair has been found manufactured by Iggesund Paperboard from Europe. Invercote T is a 
solid bleached board that does not have any OBAs or FWA added, and Invercote G is the 
same board with the addition of OBAs. Both papers are white with the Invercote G being 
significantly brightened by OBAs, making this pair suitable for this research.  
The proofing paper that is used for all proofs is the ORIS PearlPROOF Super – 
SemiMatte. The ORIS proofing paper base is highly brightened but has been coated with 
a UV-blocking treatment making the printing surface non-brightened. The colorimetric 
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properties of the proofing stock are slightly darker and fall between the two reference 
stocks in the CIELAB b* axis. This means that any proof will appear darker than the 
reference, which is expected for any proof of a very white sheet, but the hue or color cast 
is the important variable in this research. 
Proofing Systems 
The reference prints are output using the Kodak Approval system, providing a good 
analogue to an actual press run. The donor material will be laminated to the reference 
substrates to create the required reference prints. 
All proofs will be printed on an Epson Photo Stylus Color 4000 inkjet proofer driven 
by the ColorBurst RIP. The Epson 4000 represents an industry representative proofing 
device loaded with typical Epson K6 ink. The ColorBurst RIP was chosen because it is a 
stable ICC-based RIP that does not have any background transformations or add-ins that 
will bias the proof.  
Viewing booth 
A typical viewing booth, located in the RIT Gravure Research Library, is used to 
evaluate any proof or demonstrate color management or the effects of OBAs. The 
viewing booth uses a standard illuminant that simulates the D50 illuminant with a CRI 
greater than 90. The UV component of this viewing booth is typical and does not match 
the UV component of the measurement condition based on measurements taken.  
Measuring instruments 
The primary measuring instrument will be the X-rite i1-iSis spectrophotometer 
revision D. This device is specially designed with two illuminants for the purpose of 
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measuring when in the presence of optical brightening agents. One illuminating  
LED has a spectral power distribution curve that does not include any UV components 
while the other LED has a spectral power distribution (SPD) primarily in the UV  
region. These illuminants can be turned on, and the spectral response of the sample 
measured, independently.  
The secondary measurement device is an Ocean Optics USB2000+UV-VIS fiber 
optic spectrometer. The Ocean Optics spectrometer is used to measure the SPD of the 
viewing and measurement illuminants for Concept #2. 
Software 
All characterization measurements will be taken using MeasureTool to drive the i1-
iSis. The SPD measurements of the viewing and measurement illuminants will be 
measured with OceanView Spectrometer Operating software. All adjustment and 
calculations will be done in Microsoft Excel. All ICC profile generation are done using 
ProfileMaker 5. The Epson 4000 proofer will be driven by ColorBurst RIP. 
Preparation of the reference prints 
A test form consisting of pictorial and synthetic targets is printed on non-brightened 
and highly-brightened press paper under the same print conditions. The test form includes 
pictorial images with a greater highlight area since this is where the OBA effect is most 
perceptible. The test form includes the X-Rite OBC target, which is the ECI2002 patch 
set, for characterization measurement compatible with all profiling procedures. A special 
synthetic target consisting of light pastel colors with low ink coverage will also be 
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included for a greater dataset where the OBA effect can best be seen. See Appendix A for 
specifics of the test form. 
The test form will be printed using the Kodak Approval because it provides a close 
analog to offset lithography, which is the process that prints on substrates with the 
highest usage of OBAs. The Kodak Approval allows the same printing condition to be 
printed on the two reference non-brightened and brightened substrates. The proofer does 
this by applying a thin carrier material that has been shown to have negligible effect on 
color reproduction. The carrier material is UV-neutral and has little effect on the white-
point of the sample. The reference prints are made from untagged legacy files for 
characterization of the “press” at a line-screen of 175 lpi. The two reference papers 
chosen are Iggesund Invercote T (non-brightened) and Iggesund Invercote G (OBA-
brightened) because they are very similar in all ways except for the addition of OBAs. 
Characterization of reference prints using current procedures 
Non-brightened reference print 
The reference print printed on non-brightened paper will be characterized using the 
OBC synthetic target by the i1-iSis spectrophotometer using the UV-included and UV-
cut conditions. These two measurements show a very close agreement because there are 
no OBAs added to the non-brightened substrate. The commercial optical brightening 




Brightened reference print 
The reference print printed on brightened paper is characterized using the same 
target and spectrophotometer. The target is measured under the UV-included and UV-cut 
conditions, and again using the commercial optical brightening compensation software 
procedures. The OBC procedure includes measuring the OBC target under UV-included 
and UV-cut conditions, and then generating a gray evaluation chart that must also be 
output by the Kodak Approval. The printed gray evaluation chart must be visually 
evaluated under the viewing illuminant with the gray standards included in the kit. From 
these visual choices the software generates a characterization dataset. 
Adjustment of measured characterization data for the brightened reference print –
Concept #1: Averaging 
The first concept for adjusting the characterization data to account for OBAs in press 
paper is to average the UV-included and UV-cut measurement conditions. The same UV-
included and UV-cut measurement data is averaged together to generate a new 
characterization data set. This method cuts down the measured fluorescence and because 
there is more UV component in the measuring illuminant than in the viewing illuminant. 
This method does not include any measurement of the measuring or viewing illuminants, 
and therefore does not offer a high confidence for creating a more visually accurate proof 
on non-brightened paper. 
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Figure 1:  Example of Concept #1: Averaging 
Using the X-rite i1-iSis spectrophotometer the characterization target is measured 
under the UV-included and UV-cut conditions. The characterization data will then be 
averaged on a patch-by-patch basis and saved as a new spectral characterization dataset. 
Adjustment of measured characterization data for the brightened reference print –
Concept #2: Simple scaling of the OBA effect 
Theory 
The second concept for adjusting the characterization data to account for OBAs in 
press paper separates the OBA effect from the straight reflectance then adds the OBA 
effect back in, but scaled by the proportional amount of UV component of the 
measurement and viewing illuminants. This method assumes that the OBA effect is 
simply scalable based on the amount of UV energy. For this concept it is assumed that at 
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constant shifted wavelength in the visible spectrum (e.g. 420 nm), but at a lower 
amplitude (e.g. 80% of the absorbed light), because of an inefficiency of the physical 
reaction. It is assumed that the shifted distance within the spectrum and the loss in energy 
remains constant. 
 
Figure 2:  Example of Concept #2: Simple scaling of OBA effect 
Initial characterization measurements 
The characterization target is measured using the X-rite i1-iSis spectrophotometer 
under the UV-included and UV-cut conditions. The X-rite i1-iSis spectrophotometer was 
chosen as the measurement device because of its unique illuminant setup. The iSis 
contains two LED illuminants: one LED emitting in the visual spectrum between 400 nm 
and 700+ nm range and the other in the UV range below 400 nm. When measuring under 
the UV-cut condition only the visible illuminant is active not exposing the sample to UV 
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included condition the sample is first exposed to the visible LED only and measured, and 
then in a second exposure, by the UV LED and is measured. These two measurements are 
then processed and combined into one spectral response by the measuring software. 
Measuring light sources 
The viewing and measuring (both visible and UV LEDs) illuminant SPDs were 
measured using the Ocean Optics spectrometer from 300 nm to 800 nm in 2 nm 
increments. The SPD’s of the three light sources are normalized so that the spectral value 
at 560 nm is 1.0. The SPDs of the i1-iSis’ two LEDs are normalized using the value of 
560 nm of the visible LED because the UV-only LED will have a value near 0 at 560 nm 
and the measurement is taken in the same manner for both LEDs.  
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Calculating adjustment scalar 
The measurements of the UV component of the viewing illuminant’s SPD and the 
SPD of the UV-only LED in the measuring i1-iSis are compared resulting in a ratio of the 
UV component of the measuring and viewing illuminants. This comparison is made at the 
wavelength that corresponds to the peak value of the UV-only LED. In the case of the i1-
iSis revision D the peak value is at 364 nm. It should be noted that the viewing 
illuminant’s peak value in the UV component of the SPD is also at 364 nm in this case. 
The ratio of the value at the peak wavelength of the SPD of the viewing illuminant 
divided by the value at the peak wavelength of the SPD of the measuring illuminant is 
used as the scaling factor when adjusting the amount of fluorescence in the new 
characterization dataset. 
Adjusted characterization dataset 
The UV-cut and UV-included spectral reflectance measurements of the target are 
used to separate the OBA fluorescence from direct reflectance by subtracting the UV-cut 
measurement from the UV-included spectral response. The result is the fluorescent effect 
of OBAs when exposed to the UV component of the measurement illuminant, the UV-
only LED of the i1-iSis. The ratio of the UV component of the measuring and viewing 
illuminant is multiplied to each wavelength of the spectral response of the target patch 
under the UV-only LED, adjusting the OBA spectral response for the difference in the 
UV components of the illuminants. The adjusted OBA effect spectral response is then 
added to the original UV-cut measurement, creating a new characterization dataset on a 
patch-by-patch basis. 
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Generating ICC profiles from characterization data 
The purpose of this research is to adjust characterization data so that an ICC profile 
generated from that data could be used to proof that printing condition under a specific 
viewing condition. All ICC profiles used in this procedure are generated in the same way 
to eliminate any bias from the profile generation software. The profiling settings in 
ProfileMaker 5 use the generally-accepted default setting of 400% TAC, GCR3 preset 
GCR, and will ensure that the ‘Correct for Optical Brighteners’ option is turned off. 
Five profiles are created from difference characterization datasets from the 
brightened reference print: conventional UV-included, conventional UV-cut, 
commercially available optical brightening compensation solution, adjusted 
characterization data from Concept #1 – Averaging and Concept #2 – Simple Scaling. 
These profiles are used as the input profiles in the proofing RIP. 
Preparation of the proofing system 
The proofing system used is prepared for optimal repeatability at all times. The 
Epson Photo Stylus 4000 inkjet proofer driven by the ColorBurst RIP is used for all 
testing. A proofing environment is created specifically for the proofing paper and printer 
used throughout this research. Custom ink limiting and baseline linearization files are 
created according to the ColorBurst user manual for the specific proofing paper and ink 
set used. The proofing paper, ink set, and printer are characterized to generate a custom 
output ICC profile. This environment is saved, and does not change, except for the input 
ICC profile in the color management workflow to test each of the proofing treatments. 
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Before any proofing session the proofing system is linearized according to the ColorBurst 
user manual to ensure printer repeatability.  
Proofing 
Each proofing treatment is proofed under the same conditions with only the input 
profile being changed. The test form CMYK data is assigned the color space of each of 
the treatment profiles being tested. All proofs are printed on the same non-brightened 
proofing paper using the same color management workflow. Proofs of the reference 
prints are made as follows: 
Table 2:  Proofing samples 
Demonstration of the OBA effect 
To demonstrate that effect of OBA on color, the reference prints on both brightened 
(Invercote G) and non-brightened (Invercote T) paper are viewed under the D50 viewing 
booth illuminant and a UV lamp. Both papers have a very similar color under an 
illuminant with little UV component because the paper is essentially the same formula, 
with the exception of the addition of OBAs in the brightened paper. Under an illuminant 
with little UV component the two images will look almost identical. Under illuminants 
Reference Print 
Input ICC Profile, Generated from  





Commercially available optical brightening compensation software 
Concept #1: Averaging 
Concept #2: Simple Scaling 
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with a greater UV component the images should look different. The reference print on 
brightened paper will look bluer than the non-brightened print; and this difference is 
greater as the UV component in the viewing illuminant is increased. 
Limitations of current color management of OBAs 
To demonstrate the limitations of current color management methods when OBAs 
are present, the brightened reference prints are displayed under a standard viewing 
illuminant, such as D50. The three proofs made from that print using the UV-included, 
UV-cut and commercially available optical brightening compensation software adjusted 
methods are visually compared next to the reference. In addition these prints are part of 
the main paired comparison observations and show their differences. 
Analysis of final proofs 
The purpose of this research is to generate an inkjet proof, on non-brightened 
proofing paper, of a reference print on a highly brightened paper that visually matches 
color under a given viewing illuminant. All final proofs will be visually compared under 
the viewing illuminant using a paired comparison evaluation method. This paired 
comparison evaluation method is based on non-parametric statistics and therefore does 
not require a large sample size (Chung, 2008). 
Paired comparison setup 
The brightened reference print is placed in the viewing booth in the RIT Gravure 
Research Library under a D50 illuminant. The ambient light in the room is turned off and 
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the observer’s eyes are allowed time to chromatically adjust to the illuminant in the  
light booth.  
Two of the five proof samples will be placed next to the reference print as samples, 
one on each side approximately one inch from the reference. Each observer is asked the 
question “Which of the two samples most closely matches the color reproduction of the 
reference?” The two samples will be removed and another two samples will be placed 
next to the reference until all ten combinations of samples have been presented and 
evaluated. The order of the pairings is changed with each sample image. The observer is 
not permitted to move or touch the samples or reference, and must keep the viewing 
distance constant. 
 
Figure 4:  Paired comparison test setup 
Samples 
There are five proof treatments used in the paired comparison. Proofs created from 
each current characterization dataset will make up three of the samples: UV-cut, UV-
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included, and adjusted by the commercially available optical brightening compensation 
software. Two other samples will be generated from each of the concepts being tested. 
12 rounds of paired comparisons are completed by each observer that include six 
pictorial images, five low ink coverage solid pastel colors and a paper white. The 
pictorial images are intended for color comparison in typical complex images. The 
specific images chosen include a range of near neutral areas that should make fine color 
differences more noticeable. The ‘three musicians’ picture includes examples of different 
colors as well as different skin tones that are important memory colors for humans. The 
pictorial images are 3˝ x 4˝. Five of the comparison sets are low ink coverage solid pastel 
colors each measuring 2-1/2˝ x 2-1/2˝. These patches are intended to evaluate larger areas 
of solid color and allowing a greater influence of the paper white or simulation of paper 
white. The last patch is a paper white or simulation of paper white measuring 2-1/2˝ x 2-
1/2˝ where the greatest difference can be seen.  
 
Figure 5:  Example sample images 




The observers used in this analysis have good color vision and represent people in 
industry that evaluate proofs for print. RIT’s College of Imaging Arts and Sciences’ 
student body is a convenient group to draw from, as they have experience with color 
evaluation. To avoid bias in color vision an effort is made to select from a range of 
genders and cultural backgrounds. Ten people is a large enough group for this type of 
evaluation, especially since the overall ranking is less important other than to pick out  
the best match of the group. Each observer is asked to provide basic demographic 
information to ensure they are a qualified observer, such as how much color comparison 
experience they have, and whether they are aware if they have any color deficiencies. 
Each observer is also required to take the Ishihara Color Blindness test to identify any 
color blindness they are unaware of that would preclude them from this test. 
Analysis 
An Excel spreadsheet developed by RIT based on course notes from Professor Albert 
Rickmers (1973) is used to perform the non-parametric statistics of this paired 
comparison. Each round or sample image of the paired comparison test is evaluated 
independently to rank each of the treatments from closest color reproduction to furthest. 
Only observers with no triads (answering in a circular inconsistency) for a specific round 
will be included in the analysis. 
In addition to ranking each treatment the spreadsheet tests for agreement among the 
judges that are consistent using the sum of squares method and the coefficient of 
concordance (the strength of this agreement). The last evaluation included in this 
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spreadsheet is the determination of a real difference among treatments, showing if a 
specific treatment has a statistical significant difference among the other treatment or not. 
To simplify interpretation of the results, an overall ranking of treatments will be 
compiled. For each of the 12 samples points will be assigned for each treatment’s rank. 
Four points for a treatment ranked as the best match to the reference print, three points 
for second best, two points for third best, one point for the fourth best and zero points for 
producing the worst match to the reference. By adding the points each treatment received 
the five treatments can be simply ranked. This analysis is not intended as a complete 




Demonstration of OBA effect 
To answer the first research question, “Is there a visually noticeable difference 
between the same reference print when printed on non-brightened and highly-brightened 
paper,” two papers with nearly identical bases were found, one brightened with OBAs 
and the other with no OBAs added. Under a light source containing little to no UV 
wavelengths the papers look almost identical. Under a light source containing a 
significant amount of UV the brightened paper is significantly bluer.  
 
Figure 6:  Non-brightened Invercote T (left) and OBA brightened Invercote G (right) 
papers under a light source containing low to no amounts of UV wavelengths 
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Figure 7:  Non-brightened Invercote T (left) and OBA brightened Invercote G (right) 
papers under a light source containing significant amounts of UV wavelengths 
 
Figure 8:  Non-brightened Invercote T (left) and OBA brightened Invercote G (right) 
papers under a UV light 
While the effect of OBAs is easily visible when viewing just the paper, small color 
differences can be harder to detect in complex images. The same complex image was 
imaged on both the non-brightened Invercote T and brightened Invercote G substrates 
using the same output from a Kodak Approval. When these reference images are viewed 
under a light source with a low to no UV component there is no noticeable difference. 
When viewed under a light source containing a significant UV component the image on 
the brightened paper looks noticeably bluer than the image on the non-brightened paper. 
45 
After observers completed the paired comparison test they were presented with these 
reference images side-by-side and asked if they noticed a difference. Every one of the 
observers commented that the image on the OBA brightened paper looked bluer than the 
non-brightened image. 
Results of the paired comparison test 
The paired comparison test was conducted to answer the second research question, 
“Do current characterization of the input device and color management techniques 
produce a visually acceptable proof of a reference print on non-brightened paper.” The 
test consisted of five different proofs using different characterization datasets, either 
different measurement treatments or altered datasets.  
As a way of simplifying the overall ranking of each treatment across 12 samples a 
point system was created based on how many times a treatment was ranked first, second, 
third, fourth or fifth. This metric is only a simple summary of the rankings from the 
repeated paired comparison tests with no weighting given by the other metrics of each 
test discussed below. 


















1st Concept #2 – Simple Scaling 7 4 1 0 0 42 
2nd OBC 3 3 6 0 0 33 
3rd UV-included 2 5 3 2 0 31 
4th Concept #1 - Averaging 0 0 2 10 0 14 
5th UV-cut 0 0 0 0 12 0 
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The proofs were compared to the reference print on brightened paper and the 
observers were asked “Which of the two samples most closely matches the color 
reproduction of the reference?” The paired comparison test was repeated using 12 
different sample sets of images and solid colors. 
Table 4:  Paired comparison test ranking results 
Sample  Ranked 1st Ranked 2 Ranked 3 Ranked 4 Ranked 5 
3 Musicians OBC Concept #2 - Simple Scaling UV-included 




Concept #2 - 
Simple Scaling UV-included OBC 
Concept #1 - 
Averaging UV-cut 
Camels UV-included Concept #2 - Simple Scaling OBC 
Concept #1 - 
Averaging UV-cut 
Knife Concept #2 - Simple Scaling OBC UV-included 
Concept #1 - 
Averaging UV-cut 
Napkins Concept #2 - Simple Scaling UV-included OBC 
Concept #1 - 
Averaging UV-cut 
Wine UV-included Concept #2 - Simple Scaling OBC 
Concept #1 - 
Averaging UV-cut 
5C+5M+5Y Concept #2 - Simple Scaling OBC UV-included 
Concept #1 - 
Averaging UV-cut 
5C+10M Concept #2 - Simple Scaling UV-included OBC 
Concept #1 - 
Averaging UV-cut 
10C+5M Concept #2 - Simple Scaling UV-included OBC 
Concept #1 - 
Averaging UV-cut 
10M+5Y OBC Concept #2 - Simple Scaling 
Concept #1 - 
Averaging UV-included UV-cut 
15C+15Y Concept #2 - Simple Scaling OBC 
Concept #1 - 
Averaging UV-included UV-cut 
Paper 
White OBC UV-included 
Concept #2 - 
Simple Scaling 
Concept #1 - 
Averaging UV-cut 
Each paired comparison test is capable of supporting up to seven consistent judges, 
meaning observers that did not show any triads or incompatible circular selections.  
In all but two sample sets there were at least seven observers of the ten tested that  
were consistent.  
By using the sum of squares of the consistent judge’s ranking and a critical value, the 
paired comparison test can determine if the judges have a statistically significant 
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agreement among themselves. In all 12 samples there was a significant agreement among 
the judges. The strength of this agreement is measured by the correlation of concordance 
and the average correlation. The coefficient of concordance is a measure of the agreement 
of two or more judges and is an approximation of the average correlation between two 
judges taken two at a time. A coefficient of concordance of 1.0 would mean there is 
perfect agreement among all the judges and a 0.0 would mean no judge agreed with 
another. The average correlation is calculated using the coefficient of concordance and is 
a more exact measure of correlation between judges in this test.  










3 Musicians 6 Yes 0.9 0.8 
Breakfast In Bed 7 Yes 0.8 0.8 
Camels 7 Yes 0.8 0.8 
Knife 7 Yes 0.9 0.9 
Napkins 7 Yes 0.7 0.7 
Wine 7 Yes 0.7 0.6 
5C+5M+5Y 7 Yes 0.7 0.7 
5C+10M 7 Yes 0.9 0.8 
10C+5M 7 Yes 1.0 0.9 
10M+5Y 7 Yes 0.8 0.8 
15C+15Y 4 Yes 0.7 0.6 
Paper White 7 Yes 0.8 0.8 
The average correlation among judges in each of the 12 samples was fairly high with 
a few exceptions. The “Wine” and “15C+15Y” samples, which are primarily green, with 
an average correlation of 0.6 showed the least correlation among judges. This may be 
because the human visual system is capable of distinguishing just noticeable differences 
particularly well in greens but determining the magnitude of several hue shifts can be 
very subjective and difficult. For example, an observer may see a green that is slightly 
more yellow than the reference and another that is slightly more-blue than the reference 
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and can easily conclude that they are different but have difficulty determining which one 
is worse. With other colors the hue difference might have to be greater for the human 
visual system to notice especially if the hue difference is in a particular direction, making 
the determination of how this sample is different easier and more reliable. 
A slightly lower correlation is seen in the “Napkin” and “5C+5M+5Y” samples with 
an average correlation of 0.7. The same explanation for the lower correlation of the 
“green” samples may be applied here as well. These two samples are near neutral in 
much of their print and the human visual system is very adept at observing small 
differences in neutral colors. 
The paired comparison test also evaluates the results to determine whether the 
observer’s choices are statistically showing a “real difference” among the treatments. 
When a treatment shows a “real difference”, this is an indication that there is a 95+ 
percent probability that the ranking of this treatment as better (or worse) than the other 
treatments is based on an actual difference. The only treatment that consistently shows a 
real difference across the 12 samples is the UV-cut treatment. The Concept #1 – 
Averaging treatment also showed a real difference in 10 of the 12 samples. These two 
treatments comprise the two worst treatments leaving the best three treatments showing 
no real difference or not showing a statistically significant difference.  
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Table 6:  Paired comparison real difference results 
Sample  UV-cut UV-included 
Concept #1 - 
Averaging 
Concept #2 – 
Simple Scaling OBC 
3 Musicians Yes No Yes No No 
Breakfast 
In Bed Yes No Yes No No 
Camels Yes No Yes No No 
Knife Yes No Yes No No 
Napkins Yes No Yes No No 
Wine Yes No Yes No No 
5C+5M+5Y Yes No Yes No No 
5C+10M Yes No Yes No No 
10C+5M Yes No Yes No No 
10M+5Y Yes Yes No No No 
15C+15Y Yes Yes No No No 
Paper 
White Yes No Yes No No 
Complete paired comparison test results can be found in Appendix C. 
Demonstration of current characterization techniques 
Current characterization of printing systems for the purpose of proofing primarily 
use one of two measurement conditions, M0 (UV-included) or M2 (UV-cut). Most of the 
literature recommends that the UV component of the measuring light source be included 
so that the total of the spectral reflectance plus OBA fluorescence can be measured and 
proofed. The other possibility recommended by some proofing systems is to measure 
where the UV component is cut from the measuring light source, where any OBAs 
present are not activated and the effect is ignored. The assumption is that the proofing 
paper will add the OBA effect to the end proof, which will not happen with non-
brightened proofing papers.  
The paired comparison test includes proofs made from UV-included and UV-cut 
characterization data of the reference print on brightened paper. The proof using the UV-
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cut treatment was selected as the worst match to the reference in almost every appearance 
by almost every observer over the 12 different samples. In each of the 12 samples in the 
paired comparison test the observers selected the UV-cut treatment as the worst  
match and that it showed a real difference between the UV-cut sample and the other 
treatments. This is the only treatment that consistently showed a statistically significant 
difference, therefore the UV-cut characterization treatment is strongly the worst match to 
the reference.  
The UV-included characterization treatment was also included in the paired 
comparison test, but the results were inconclusive. For 10 of the 12 samples the observers 
ranked the UV-included treatment in the top three of the five different treatments 
however in none of these cases was there a statistically real difference. For the other two 
samples (10M+5Y and 15C+15Y) UV-included was ranked as the second best match to 
the reference print with a statistically significant real difference. In an overall ranking 
system this treatment was rated third in the group with a score of 31 out of a possible 
score of 48. The two treatments that produced better results overall produced scores of  
42 and 33, which are not too far above. This means there is some merit to this method  
in comparison.  
There is commercially available software that attempts to compensate for OBAs and 
the difference between measurement and viewing illuminants. The Optical Brightening 
Compensation (OBC) module from X-Rite uses UV-included and UV-cut measurements 
of a characterization print to generate a set of near neutral gray patches. These need to be 
printed under the same conditions as the original characterization print on the same 
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substrate. This set of gray patches consists of four series, including highlight, quarter-
tone, mid-tone and shadow. Each series the similar tone is generated where the hue 
ranges between slightly more yellow to slightly more blue. Each of the gray series is 
visually compared under the viewing illuminant using the corresponding standard 
included in the OBC kit and the patch that most closely matches the standard is entered 
into the OBC software. The OBC standards are designed to appear neutral under D50 
lighting using non-brightened substrates. The viewer sees the printed values, known to 
the software, plus the OBA effect of the specific substrate under the final viewing 
illuminant, this tells the software how much the characterization data should be adjusted 
in the b* axis. 
The OBC characterization treatment was included in the paired comparison test and 
was judged to be the second best match to the reference print overall with a score of 33 
out of 48 – a fairly close score to the best match with a score of 42. However, it should be 
pointed out again that this score was simplified too much to make a final determination. 
Of the 12 samples the OBC treatment was ranked first three times, second three times and 
third six times, always in the top three but just above the middle of the pack. This 
indicates that this method works well, especially for the paper white, which can be very 
difficult. None of the subject matter indicates that the OBC treatment showed a real 
difference among other color management treatments. 
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Conceptual characterization techniques 
Concept #1 - Averaging 
There were two conceptual characterization treatments tested using the paired 
comparison method. The first is Concept #1 – Averaging. This treatment essentially takes 
the spectral measurements using the UV-cut and UV- included modes of the 
spectrophotometer and averages the two measurements at every wavelength. Since the 
only part of the spectral reflectance curve that is different between both the UV-cut and 
UV-included is the wavelengths that fluoresce as the OBA effect (about 390 nm to 510 
nm, peaking at 440 nm), averaging of the data only takes place there. The end result is the 
OBA effect, as stimulated by the UV component of the measuring device, is cut in half. 
The paired comparison test ranked 10 of the 12 samples using the Concept #1 
treatments as fourth out of the five treatments with a statistically real difference. The 
overall ranking of the Concept #1 – Averaging treatment was fourth, with a score of 14 
just above UV-cut. This is not surprising because this method observes that the 
measuring illuminant has twice the UV component as the viewing illuminant. 
Manufacturers of the measuring and viewing illuminants are both attempting to model the 
industry standard D50 illuminant to some degree so this assumption would not make 
much sense.  
Concept #2 – Simple Scaling 
The Concept #2 – Simple Scaling treatment takes the Averaging concept approach of 
isolating the OBA effect as measured by the spectrophotometer and scales this by the 
ratio between the UV component of the measuring device and the viewing illuminant. In 
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this way the viewing illuminant can contain a higher or lower UV component than the 
measuring illuminant and the OBA effect will be scaled accordingly. 
In the paired comparison test Concept #2 – Simple Scaling was ranked as the best 
match to the reference seven times, second best match four times and once as the third 
best match. None of these rankings were found to have a statistically real difference but 
compared with the second best match overall (OBC), Simple Scaling was ranked best 
match seven times with an overall ranking and OBC only three times. The overall 
ranking of Concept #2 – Simple Scaling was best match to the reference with a score of 
42 with the OBC treatment second with a score of 33 out of a possible 48. 
The objective measurement of the measuring and viewing illuminants, intuitive 
calculation and application of the difference between these illuminants produce a 
noticeably, while not statistically significant, closer match than the OBC method 
requiring a subjective visual evaluation of a standard. 
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Chapter 6: 
Summary and Conclusions 
This research demonstrated the limitations of current characterization techniques for 
use in inkjet proofing of reference papers that contain optical brightening agents, and 
went on to test different treatments of characterization data to produce a potentially closer 
match to the reference.  
One current characterization technique uses UV-cut measurements (ISO 13655 M2) 
where there is no UV component in the measuring illuminant (or it is blocked). This 
method ignores the OBA effect by not stimulating any OBAs present. Any proof made 
from this characterization data would not be able to simulate the blue OBA effect on non-
brightened proofing papers. This research shows that this method created prints that were 
the worst match to a brightened reference print when proofed on a non-brightened 
proofing paper under a standard D50 viewing illuminant. UV-cut characterization should 
not be used for typical color-managed inkjet proofing. 
UV-included (ISO 13655 M0) measurements, where the UV component of the 
measurement illuminant is allowed to stimulate the OBAs in the paper is another current 
characterization technique commonly accepted in a color-managed proofing workflow. 
The limitation of this treatment is that it is likely that the measuring illuminant and the 
viewing illuminant stimulate the OBA to different degrees. Therefore, the measured 
characterization data may include slightly more or less blue, created by the OBA effect, 
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than would be observed on the reference paper under the viewing illuminant. This means 
that the proof, which needs to accurately simulate the OBA effect of the reference paper 
under the viewing illuminant may have incorrect color values, looking too blue or too 
yellow. This research ranked UV-included characterization data as the third best match to 
the reference print of the five tested techniques. However, the best three matches did not 
show a statistically real difference between them giving merit to this technique and 
suggesting it is acceptable. 
The commercially available Optical Brightener Compensation (OBC) module from 
X-Rite is designed to attempt to solve the inherent problem of UV-included 
characterization caused by the differential of the UV component in the measuring and 
viewing illuminants. It does this by asking an observer to select compare a uniquely 
neutral gray patches printed on the reference substrate to supplied reference cards under 
the viewing illuminant. This research shows that the OBC treatment produced proofs that 
were ranked as the second best match to the reference print in the paired comparison of 
the five different treatments. Again there was no statistically real difference between the 
three best matches in this test.  
There is a practical challenge associated with the OBC procedure that makes it less 
than ideal. The procedure requires two prints under identical conditions. The first, like 
any characterization technique, is to print the characterization patch set on the 
reference/production paper using whatever ink/color/tone reproduction curve is desired 
(e.g. GRACoL). On an offset lithography press this is a fairly expensive process taking 
press time and paper. The OBC process then measures the characterization patch set and 
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generates a unique set of neutral gray patches that must then be printed under the exact 
same conditions as the characterization patch set. This second press run is again 
expensive and a challenge to repeat the same conditions with a new image. The printed 
gray patches then need to be evaluated by an observer since it is the viewing illuminant 
that is being evaluated not the internal measurement illuminant of any device. The 
software running the OBC module is also designed such that once the characterization 
patch set is measured the procedure cannot be interrupted until the gray patch 
observations are input and the adjusted characterization data and/or ICC profile is output. 
This entire procedure is costly, time consuming and based on subjective observations. 
This research was done using a Kodak Approval, a stable, repeatable, one-off device  
that simulates many important offset press characteristics to produce an ideal sample of 
this procedure. 
The first concept proposed in this research was Averaging of the UV-cut and UV-
included spectral measurements. The idea was that only the OBA effect would be 
adjusted because the parts of the spectral curve that is only direct reflection would read 
the same under UV-cut and UV-included. Averaging two numbers only cuts the 
difference in half, meaning the OBA effect would be characterized as half of what the 
measuring illuminant would stimulate. This method would work if the viewing 
illuminant’s UV component was half of the measuring illuminant’s. This is very unlikely, 
since both color instrumentation and standard lighting manufacturers attempt to achieve 
industry standard lighting of D50. This research ranked Concept #1 – Averaging as the 
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fourth best match of the five treatments and is not recommended for use in a color-
managed proofing workflow. 
The top ranked treatment for proofing an OBA brightened reference paper, using a 
color-managed inkjet proofer, on non-brightened proofing paper is Concept #2 – Simple 
Scaling. Although the paired comparison test did not show a statistically real difference 
between the best three treatments, Concept #2 – Simple Scaling was ranked as the best 
match seven times out of the twelve samples. The simple scaling method directly 
addresses the problem of different amounts of UV component between the measuring and 
viewing light sources. This causes a differential in the amount of measured blue caused 
by OBA fluorescence that needs to be simulated by the inkjet proofer, and the amount of 
fluorescence that would actually be seen on a reference printed on the brightened paper 
under a specific viewing illuminant. This is simply done by taking the ratio of the UV 
component of the measuring illuminant to the UV component of the viewing illuminant 
and applying that to the fluorescence caused by OBAs. 
The simple scaling concept is in some way similar to the OBC software in that it 
adjusts the characterization data as measured to the estimated viewing illuminant. 
However, the proposed method is based on objective measurements rather than subjective 
observations. Both the measuring and viewing illuminants are measured using a 
spectroradiometer to calculate the ratio of their UV components to be applied to the OBA 
affected characterization data. This instrument is not very common as standard 
equipment, even for color management consultants, so the spectral power distribution 
(SPD) of the measuring and viewing illuminants could be provided by their 
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manufacturers to aid in calculations. The other advantages of this method over the OBC 
method is that it only requires the one characterizing press run and can be theoretically  
be adjusted to any illuminant without having to reprint or measure characterization  
test forms.  
Conclusion 
The paired comparison test showed that the UV-cut characterization method does not 
work for brightened reference papers when viewed under standard lighting conditions. 
The best three treatments tested, Concept #2 – Simple Scaling, the commercially 
available OBC software and current method of UV-included characterization did not 
show a real difference between them so no statistically based conclusion can be reached. 
Any of these three methods produce good to excellent results under the standard viewing 
conditions as tested. 
If the goal is to produce good proofs to brightened reference papers, the current UV-
included method will work, however as the difference between the UV components of the 
measuring and viewing illuminants increases, so will the color difference in between your 
reference paper and the proof. If the goal is very accurate proofs of brightened paper 
under a specific illuminant including adjusting for any OBA effect, Concept #2 – Simple 
Scaling or the OBC software is recommended. The choice between these two adjustment 




There are a few limitations to this research in the technology used and the analysis 
methodology. The X-Rite i1-iSis spectrophotometer, and specifically the measuring 
illuminants inside, is a commercial product that is tied to X-Rite software in a relatively 
closed environment. This means that there is some degree of the measuring process that 
is out of the control of the researcher. First, the manufacturer does not supply the SPDs of 
the two illuminants, so these had to be measured without damaging or disassembling the 
device. The measurements of the illuminants were successful but may be more precise 
with better access. A second technological limitation was discovered from the 
measurement of the light sources in the i1-iSis. The spectrophotometer does not emit any, 
or extremely little, light at and around 390-400 nm, however the resulting measurement 
data returns values for these wavelengths. This suggests that there is some preprocessing 
of the measurement before the resulting data is returned to the user. How this 
preprocessing is done is known only to the manufacturer and may be a cause for errors in 
any outside manipulation of the measurement data. 
The analysis of the five characterization data treatments in this research is based on 
subjective paired comparison observations, and not on objective measurements of the 
resulting proofs. Since proofs are ultimately reviewed by a subjective observer, such as a 
client, this is acceptable. However to definitively analyze the resulting proofs they should 
be measured by an objective device. This cannot be done with common 
spectrophotometers, like the i1-iSis, for the ultimate problem discussed in this research, 
the like source inside the measurement device is not the same as the viewing illuminant 
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and therefore would likely provide false data. The measurement device that could provide 
reliable data would be a Bispectral Fluorescing Colorimeter (BFC), where the sample is 
exposed to individual (or narrow ranges) wavelengths of light and the reflection and any 
fluorescence at all wavelengths are measured. This creates a three dimensional 
characterization matrix that can be used to calculate how the sample would reflect and 
fluoresce under a given illuminant’s SPD. There are only a handful of these devices in 
North America and having five treatments plus the reference’s full datasets measured is 
time and cost prohibitive. 
Further research 
This research was limited to a single viewing illuminant but can theoretically be used 
for any viewing illuminant. Further study is needed to verify these results under different 
standard illuminants like D65 or other non-standard illuminants. 
The X-Rite i1-iSis that was used in this research was a Revision D model. Since the 
experiment was concluded a Revision E of the iSis has been released that changed the 
UV illuminant and would impact the function of Concept #2 – Simple Scaling as the new 
revision relies on the SPDs of the both the measuring and viewing illuminants. It should 
be noted that the peak of the UV component of both the measuring and viewing 
illuminants used in this research matched at 364 nm either by coincidence or that X-Rite 
chose the UV LED to match the UV peak of many fluorescent illuminants used in 
viewing booths. This made finding the ratio of the two UV components simple. However, 
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if the peaks are at different wavelengths because the UV LED in the iSis has changed the 
method of finding the simple scaling ratio must be modified. 
There are also newer spectrophotometers that claim to meet the ISO 13655 M1 
illuminant condition that is closer to the standard D50 viewing condition, making the 
need for adjustments of characterization data due to the OBA effect less relevant. The M1 
condition states that the visible wavelengths of the illuminant’s SPD should match, or be 
calculated to, and the UV component of the illuminant must match the D50 standard 
(ISO-13655, 2009). If this is true then at least the measuring illuminants are standardized 
and the characterization data need only be adjusted to the viewing conditions. 
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Test form Pages 1-3 
Size: 12˝ x 18˝ 
1) X-Rite OBC Target (ECI 2002 patch set) 
2) Quality control bar for page-to-page verification 
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3) Pictorial images with varying ink coverage 
a) Three Musicians CMYK image 
b) Camels – PCRI_14 sRGB converted to GRACoL CMYK using Absolute 
Colorimetric rendering intent 
c) Napkins – PCRI2_High_3 Adobe 1998 RGB converted to GRACoL CMYK using  
Absolute Colorimetric rendering intent 
d) Breakfast in bed – PCRI2_High_4 Adobe 1998 RGB converted to GRACoL 
CMYK using Absolute Colorimetric rendering intent 
e) Shells – PCRI2_High_2 Adobe 1998 RGB converted to GRACoL CMYK using 
Absolute Colorimetric rendering intent 
f) Vegetables – PCRI2_High_1 Adobe 1998 RGB converted to GRACoL CMYK 
using Absolute Colorimetric rendering intent 
g) Plates – PCRI2_High_6 Adobe 1998 RGB converted to GRACoL CMYK using 
Absolute Colorimetric rendering intent 
h) Knife – PCRI2_Low_5 Adobe 1998 RGB converted to GRACoL CMYK using 
Absolute Colorimetric rendering intent 
i) Outdoor cups – PCRI2_Mid_2 Adobe 1998 RGB converted to GRACoL CMYK 
using Absolute Colorimetric rendering intent 
j) Wine – PCRI2_Low_2 Adobe 1998 RGB converted to GRACoL CMYK using 
Absolute Colorimetric rendering intent 
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Figure 10:  Test form page 2 
4) Low ink coverage solid pastel colors 
a) 15% K 
b) 15% C 
c) 15% M 
d) 15% Y 
e) 30% K 
f) 15% C + 15% M 
g) 15% C + 15% Y 
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i) 5% C + 5% M + 5% Y 
j) 10% C + 5% M 
k) 10 % C + 5% Y 
l) 10% M + 5% Y 
m) Paper white (no ink) 
n) 5% C + 10% M 
o) 5% C + 10% Y 
p) 5% M + 10% Y 
5) Synthetic target comprised of select colors drawn from the PCRI2 images and the 
pastel colors in Figure 10:  
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Pictorial images with varying ink coverage 
 
Figure 12:  Three Musicians sample image 
6-1/4˝ x 5˝ – CMYK image 
 
Figure 13:  Camels sample image 
6-1/4˝ x 4-3/4˝ – PCRI_14 sRGB converted to GRACoL CMYK using Absolute 
Colorimetric rendering intent 
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Figure 14:  Napkins sample image 
3˝ x 4˝ – PCRI2_High_3 Adobe 1998 RGB converted to GRACoL CMYK using  
Absolute Colorimetric rendering intent 
 
Figure 15:  Breakfast in Bed sample image 
3˝ x 4˝ – PCRI2_High_4 Adobe 1998 RGB converted to GRACoL CMYK using 
Absolute Colorimetric rendering intent 
71 
 
Figure 16:  Knife sample image 
3˝ x 4˝ – PCRI2_Low_5 Adobe 1998 RGB converted to GRACoL CMYK using 
Absolute Colorimetric rendering intent 
 
Figure 17:  Wine sample image 
3˝ x 4˝ – PCRI2_Low_2 Adobe 1998 RGB converted to GRACoL CMYK using 
Absolute Colorimetric rendering intent 
72 
Synthetic sample patches 
Each patch is 2-1/2˝ x 2-1/2˝ CMYK counts 
 
Figure 18:  Synthetic sample patches 
a) 15% C + 15% Y 
b) 5% C + 5% M + 5% Y 
c) 10% C + 5% M 
d) 10% M + 5% Y 
e) Paper white 









Paired Comparison Test Analysis 
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Figure 19:  Paired comparison analysis of Three Musicians sample 
E. Summary of Subjective Image Evaluation
The subject matter
Date the experiment performed
The number of judges participated
The number of samples
1 2 3 4 5 6 7 8 9 10
A 0 0 1 0 0 0 0 0 0 0 0.10
B 3 3 2 3 2 2 3 2 2 2 2.40
C 2 3 3 1 1 1 1 1 1 1 1.50
D 2 2 2 3 3 3 4 3 4 3 2.90
E 3 2 2 3 4 4 2 4 3 4 3.10
Triads 2 2 4 1 0 0 0 0 0 0
Print
5 6 7 8 9 10
A 0 0 0 0 0 0 0.00
B 2 2 3 2 2 2 2.17
C 1 1 1 1 1 1 1.00
D 3 3 4 3 4 3 3.33
E 4 4 2 4 3 4 3.5
The number of judges who are consistent: 6







G. Test for Consistency Among Judges
Number of 
Print (P)
3 4 5 6 7
5 6 7 8 9 10 3 64.4 103.9 157.3
A 0 0 0 0 0 0 4 49.5 88.4 143.3 217.0
B 2 2 3 2 2 2 5 62.6 112.3 182.4 276.2
C 1 1 1 1 1 1 6 75.7 136.1 221.4 335.2
D 3 3 4 3 4 3 7 48.1 101.7 183.7 299.0 453.1
E 4 4 2 4 3 4 8 60.0 127.8 231.2 376.7 571.0
Critical value
Sum of all totals: **Sum of squares (S): > 182.4
Note: Col_9: Sum of all totals = Sum of all scores from all consistent judges **
Col_10: *Average total = Sum of all totals / Number of prints
Col_11 = Col_9 - Col_10
Col_12 = Square of Col_11
Formula: W = 12 (S) / (J2P(P2 - 1))
where J: Number of consistent judges 6
P: Number of prints 5
S: Sum of squares 326
W = 0.9
Note: 1. The value of W will equal 1.0 when there is perfect agreement among all judges, and equal 0.0 if there is no agreement.
3. The exact value of the average correlation R can be computed from W by the following formula:
R = (JW -1) / (J - 1) R = 0.9
where J: Number of consistent judges
W: Coefficient of concordance
H. Test for Real Difference Among Prints
Judges who are consistent 6
The number of samples 5
2 3 4 5 6
4-14 4-17 A
5-11 5-15 6-18 6-22 B
6-14 7-18 8-22 9-26 C 10
7-11 8-16 9-21 10-26 11-31 D
8-13 10-18 11-24 12-30 14-35 E
9-15 11-21 13-27 15-33 17-39
11-16 13-23 15-30 17-37 19-44
12-18 15-25 17-33 20-40 22-48
Print
Judges who are consistent





UV Cut - D50
Ranking Summary
Worst
Critical values for significance of agreement 
among judges, .05 level of significance

































3 Musicians (N7A) - GRL D50
OBC - D50
Concept #2 - Simple Scaling - D50




Judges who are consistent (0 triad)
81
2. The value of W is a measure of the total correlation when more than two judges are involved, and is an approximation 
of the average correlation between judges taken two at a time.
60 326
21
There is a significant level of 
agreement among judges
The value of S (Sum of squares) must exceed the 
value shown in the above table to indicate a 
significant amount of agreement among judges.
Total for all 
judges
Enter the table below. The row corresponds to the number of judges who are consistent. The column corresponds to the number of 
prints judged. For any print with real differences among other prints, its totals for that print (Col_9) must be lower than the first of 
the two values given in the Table below, or greater than the second value. The risk of error associated with the judgment that one 
or more prints differs from the others is 0.05.
If the conclusion of the previous test is that the judges do in fact agree, a measure of the amount of agreement is found in 
the coefficient of concordance.
Print
















UV Included - D50
Description
UV Cut - D50









Figure 20:  Paired comparison analysis of Breakfast In Bed sample 
E. Summary of Subjective Image Evaluation
The subject matter
Date the experiment performed
The number of judges participated
The number of samples
1 2 3 4 5 6 7 8 9 10
A 0 0 0 0 0 0 0 0 0 0
B 2 3 4 2 3 3 2 3 4 3 2.90
C 1 1 1 1 1 1 1 1 1 1 1.00
D 4 4 2 4 3 3 3 3 3 4 3.30
E 3 2 3 3 3 3 4 3 2 2 2.80
Triads 0 0 0 0 1 1 0 1 0 0
Print
1 2 3 4 7 9 10
A 0 0 0 0 0 0 0 0.00
B 2 3 4 2 2 4 3 2.86
C 1 1 1 1 1 1 1 1.00
D 4 4 2 4 3 3 4 3.43
E 3 2 3 3 4 2 2 2.714
The number of judges who are consistent: 7







G. Test for Consistency Among Judges
Number of 
Print (P)
3 4 5 6 7
1 2 3 4 7 9 10 3 64.4 103.9 157.3
A 0 0 0 0 0 0 0 4 49.5 88.4 143.3 217.0
B 2 3 4 2 2 4 3 5 62.6 112.3 182.4 276.2
C 1 1 1 1 1 1 1 6 75.7 136.1 221.4 335.2
D 4 4 2 4 3 3 4 7 48.1 101.7 183.7 299.0 453.1
E 3 2 3 3 4 2 2 8 60.0 127.8 231.2 376.7 571.0
Critical value
Sum of all totals: **Sum of squares (S): > 276.2
Note: Col_9: Sum of all totals = Sum of all scores from all consistent judges **
Col_10: *Average total = Sum of all totals / Number of prints
Col_11 = Col_9 - Col_10
Col_12 = Square of Col_11
Formula: W = 12 (S) / (J2P(P2 - 1))
where J: Number of consistent judges 7
P: Number of prints 5
S: Sum of squares 406
W = 0.8
Note: 1. The value of W will equal 1.0 when there is perfect agreement among all judges, and equal 0.0 if there is no agreement.
3. The exact value of the average correlation R can be computed from W by the following formula:
R = (JW -1) / (J - 1) R = 0.8
where J: Number of consistent judges
W: Coefficient of concordance
H. Test for Real Difference Among Prints
Judges who are consistent 7
The number of samples 5
2 3 4 5 6
4-14 4-17 A
5-11 5-15 6-18 6-22 B
6-14 7-18 8-22 9-26 C 12
7-11 8-16 9-21 10-26 11-31 D
8-13 10-18 11-24 12-30 14-35 E
9-15 11-21 13-27 15-33 17-39
11-16 13-23 15-30 17-37 19-44
12-18 15-25 17-33 20-40 22-48
Print
Judges who are consistent





UV Cut - D50
Ranking Summary
Worst
Critical values for significance of agreement 


































Breakfast in Bed (PCRI2_High_4) - GRL D50
Concept #2 - Simple Scaling - D50
UV Included - D50




Judges who are consistent (0 triad)
25
2. The value of W is a measure of the total correlation when more than two judges are involved, and is an approximation 
of the average correlation between judges taken two at a time.
70 406
19
There is a significant level of 
agreement among judges
The value of S (Sum of squares) must exceed the 
value shown in the above table to indicate a 
significant amount of agreement among judges.
Total for all 
judges
Enter the table below. The row corresponds to the number of judges who are consistent. The column corresponds to the number of 
prints judged. For any print with real differences among other prints, its totals for that print (Col_9) must be lower than the first of 
the two values given in the Table below, or greater than the second value. The risk of error associated with the judgment that one 
or more prints differs from the others is 0.05.
If the conclusion of the previous test is that the judges do in fact agree, a measure of the amount of agreement is found in 
the coefficient of concordance.
Print
















UV Included - D50
Description
UV Cut - D50









Figure 21:  Paired comparison analysis of Knife sample 
E. Summary of Subjective Image Evaluation
The subject matter
Date the experiment performed
The number of judges participated
The number of samples
1 2 3 4 5 6 7 8 9 10
A 0 0 0 0 0 0 0 0 0 0
B 2 3 2 3 2 3 3 2 3 2 2.50
C 1 1 1 1 1 1 1 1 1 1 1.00
D 3 3 4 4 3 4 4 4 3 3 3.50
E 4 3 3 2 4 2 2 3 3 4 3.00
Triads 0 1 0 0 0 0 0 0 1 0
Print
1 3 4 5 6 7 8
A 0 0 0 0 0 0 0 0.00
B 2 2 3 2 3 3 2 2.43
C 1 1 1 1 1 1 1 1.00
D 3 4 4 3 4 4 4 3.71
E 4 3 2 4 2 2 3 2.857
The number of judges who are consistent: 7







G. Test for Consistency Among Judges
Number of 
Print (P)
3 4 5 6 7
1 3 4 5 6 7 8 3 64.4 103.9 157.3
A 0 0 0 0 0 0 0 4 49.5 88.4 143.3 217.0
B 2 2 3 2 3 3 2 5 62.6 112.3 182.4 276.2
C 1 1 1 1 1 1 1 6 75.7 136.1 221.4 335.2
D 3 4 4 3 4 4 4 7 48.1 101.7 183.7 299.0 453.1
E 4 3 2 4 2 2 3 8 60.0 127.8 231.2 376.7 571.0
Critical value
Sum of all totals: **Sum of squares (S): > 276.2
Note: Col_9: Sum of all totals = Sum of all scores from all consistent judges **
Col_10: *Average total = Sum of all totals / Number of prints
Col_11 = Col_9 - Col_10
Col_12 = Square of Col_11
Formula: W = 12 (S) / (J2P(P2 - 1))
where J: Number of consistent judges 7
P: Number of prints 5
S: Sum of squares 434
W = 0.9
Note: 1. The value of W will equal 1.0 when there is perfect agreement among all judges, and equal 0.0 if there is no agreement.
3. The exact value of the average correlation R can be computed from W by the following formula:
R = (JW -1) / (J - 1) R = 0.9
where J: Number of consistent judges
W: Coefficient of concordance
H. Test for Real Difference Among Prints
Judges who are consistent 7
The number of samples 5
2 3 4 5 6
4-14 4-17 A
5-11 5-15 6-18 6-22 B
6-14 7-18 8-22 9-26 C 12
7-11 8-16 9-21 10-26 11-31 D
8-13 10-18 11-24 12-30 14-35 E
9-15 11-21 13-27 15-33 17-39
11-16 13-23 15-30 17-37 19-44
12-18 15-25 17-33 20-40 22-48
Print
Judges who are consistent





UV Cut - D50
Ranking Summary
Worst
Critical values for significance of agreement 
among judges, .05 level of significance

































Knife (PCRI2_low_5) - GRL D50
Concept #2 - Simple Scaling - D50
OBC - D50




Judges who are consistent (0 triad)
36
2. The value of W is a measure of the total correlation when more than two judges are involved, and is an approximation 
of the average correlation between judges taken two at a time.
70 434
20
There is a significant level of 
agreement among judges
The value of S (Sum of squares) must exceed the 
value shown in the above table to indicate a 
significant amount of agreement among judges.
Total for all 
judges
Enter the table below. The row corresponds to the number of judges who are consistent. The column corresponds to the number of 
prints judged. For any print with real differences among other prints, its totals for that print (Col_9) must be lower than the first of 
the two values given in the Table below, or greater than the second value. The risk of error associated with the judgment that one 
or more prints differs from the others is 0.05.
If the conclusion of the previous test is that the judges do in fact agree, a measure of the amount of agreement is found in 
the coefficient of concordance.
Print
















UV Included - D50
Description
UV Cut - D50









Figure 22:  Paired comparison analysis of Napkins sample 
E. Summary of Subjective Image Evaluation
The subject matter
Date the experiment performed
The number of judges participated
The number of samples
1 2 3 4 5 6 7 8 9 10
A 0 0 0 0 0 0 0 0 0 0
B 3 4 4 1 3 2 2 3 2 2 2.60
C 1 2 1 2 1 1 1 2 1 1 1.30
D 4 3 3 4 3 3 4 4 4 4 3.60
E 2 1 2 3 3 4 3 1 3 3 2.50
Triads 0 0 0 0 1 0 0 0 0 0
Print
1 2 3 4 6 7 8
A 0 0 0 0 0 0 0 0.00
B 3 4 4 1 2 2 3 2.71
C 1 2 1 2 1 1 2 1.43
D 4 3 3 4 3 4 4 3.57
E 2 1 2 3 4 3 1 2.286
The number of judges who are consistent: 7







G. Test for Consistency Among Judges
Number of 
Print (P)
3 4 5 6 7
1 2 3 4 6 7 8 3 64.4 103.9 157.3
A 0 0 0 0 0 0 0 4 49.5 88.4 143.3 217.0
B 3 4 4 1 2 2 3 5 62.6 112.3 182.4 276.2
C 1 2 1 2 1 1 2 6 75.7 136.1 221.4 335.2
D 4 3 3 4 3 4 4 7 48.1 101.7 183.7 299.0 453.1
E 2 1 2 3 4 3 1 8 60.0 127.8 231.2 376.7 571.0
Critical value
Sum of all totals: **Sum of squares (S): > 276.2
Note: Col_9: Sum of all totals = Sum of all scores from all consistent judges **
Col_10: *Average total = Sum of all totals / Number of prints
Col_11 = Col_9 - Col_10
Col_12 = Square of Col_11
Formula: W = 12 (S) / (J2P(P2 - 1))
where J: Number of consistent judges 7
P: Number of prints 5
S: Sum of squares 362
W = 0.7
Note: 1. The value of W will equal 1.0 when there is perfect agreement among all judges, and equal 0.0 if there is no agreement.
3. The exact value of the average correlation R can be computed from W by the following formula:
R = (JW -1) / (J - 1) R = 0.7
where J: Number of consistent judges
W: Coefficient of concordance
H. Test for Real Difference Among Prints
Judges who are consistent 7
The number of samples 5
2 3 4 5 6
4-14 4-17 A
5-11 5-15 6-18 6-22 B
6-14 7-18 8-22 9-26 C 12
7-11 8-16 9-21 10-26 11-31 D
8-13 10-18 11-24 12-30 14-35 E
9-15 11-21 13-27 15-33 17-39
11-16 13-23 15-30 17-37 19-44
12-18 15-25 17-33 20-40 22-48
Print
Judges who are consistent





UV Cut - D50
Ranking Summary
Worst
Critical values for significance of agreement 


































Napkins (PCRI2_High_3) - GRL D50
Concept #2 - Simple Scaling - D50
UV Included - D50




Judges who are consistent (0 triad)
4
2. The value of W is a measure of the total correlation when more than two judges are involved, and is an approximation 
of the average correlation between judges taken two at a time.
70 362
16
There is a significant level of 
agreement among judges
The value of S (Sum of squares) must exceed the 
value shown in the above table to indicate a 
significant amount of agreement among judges.
Total for all 
judges
Enter the table below. The row corresponds to the number of judges who are consistent. The column corresponds to the number of 
prints judged. For any print with real differences among other prints, its totals for that print (Col_9) must be lower than the first of 
the two values given in the Table below, or greater than the second value. The risk of error associated with the judgment that one 
or more prints differs from the others is 0.05.
If the conclusion of the previous test is that the judges do in fact agree, a measure of the amount of agreement is found in 
the coefficient of concordance.
Print
















UV Included - D50
Description
UV Cut - D50









Figure 23:  Paired comparison analysis of Wine sample 
E. Summary of Subjective Image Evaluation
The subject matter
Date the experiment performed
The number of judges participated
The number of samples
1 2 3 4 5 6 7 8 9 10
A 1 0 0 0 0 0 0 3 0 0 0.40
B 3 3 4 3 2 4 4 4 2 2 3.10
C 2 1 1 1 1 1 1 0 1 1 1.00
D 2 4 2 4 3 3 2 1 3 4 2.80
E 2 2 3 2 4 2 3 2 4 3 2.70
Triads 4 0 0 0 0 0 0 0 0 0
Print
2 3 4 5 6 7 8
A 0 0 0 0 0 0 3 0.43
B 3 4 3 2 4 4 4 3.43
C 1 1 1 1 1 1 0 0.86
D 4 2 4 3 3 2 1 2.71
E 2 3 2 4 2 3 2 2.571
The number of judges who are consistent: 7







G. Test for Consistency Among Judges
Number of 
Print (P)
3 4 5 6 7
2 3 4 5 6 7 8 3 64.4 103.9 157.3
A 0 0 0 0 0 0 3 4 49.5 88.4 143.3 217.0
B 3 4 3 2 4 4 4 5 62.6 112.3 182.4 276.2
C 1 1 1 1 1 1 0 6 75.7 136.1 221.4 335.2
D 4 2 4 3 3 2 1 7 48.1 101.7 183.7 299.0 453.1
E 2 3 2 4 2 3 2 8 60.0 127.8 231.2 376.7 571.0
Critical value
Sum of all totals: **Sum of squares (S): > 276.2
Note: Col_9: Sum of all totals = Sum of all scores from all consistent judges **
Col_10: *Average total = Sum of all totals / Number of prints
Col_11 = Col_9 - Col_10
Col_12 = Square of Col_11
Formula: W = 12 (S) / (J2P(P2 - 1))
where J: Number of consistent judges 7
P: Number of prints 5
S: Sum of squares 326
W = 0.7
Note: 1. The value of W will equal 1.0 when there is perfect agreement among all judges, and equal 0.0 if there is no agreement.
3. The exact value of the average correlation R can be computed from W by the following formula:
R = (JW -1) / (J - 1) R = 0.6
where J: Number of consistent judges
W: Coefficient of concordance
H. Test for Real Difference Among Prints
Judges who are consistent 7
The number of samples 5
2 3 4 5 6
4-14 4-17 A
5-11 5-15 6-18 6-22 B
6-14 7-18 8-22 9-26 C 12
7-11 8-16 9-21 10-26 11-31 D
8-13 10-18 11-24 12-30 14-35 E
9-15 11-21 13-27 15-33 17-39
11-16 13-23 15-30 17-37 19-44
12-18 15-25 17-33 20-40 22-48
Print
Judges who are consistent





UV Cut - D50
Ranking Summary
Worst
Critical values for significance of agreement 


































Wine (PCRI2_Low_2) - GRL D50
UV Included - D50
Concept #2 - Simple Scaling - D50




Judges who are consistent (0 triad)
16
2. The value of W is a measure of the total correlation when more than two judges are involved, and is an approximation 
of the average correlation between judges taken two at a time.
70 326
18
There is a significant level of 
agreement among judges
The value of S (Sum of squares) must exceed the 
value shown in the above table to indicate a 
significant amount of agreement among judges.
Total for all 
judges
Enter the table below. The row corresponds to the number of judges who are consistent. The column corresponds to the number of 
prints judged. For any print with real differences among other prints, its totals for that print (Col_9) must be lower than the first of 
the two values given in the Table below, or greater than the second value. The risk of error associated with the judgment that one 
or more prints differs from the others is 0.05.
If the conclusion of the previous test is that the judges do in fact agree, a measure of the amount of agreement is found in 
the coefficient of concordance.
Print
















UV Included - D50
Description
UV Cut - D50









Figure 24:  Paired comparison analysis of 5C + 5M + 5Y sample 
E. Summary of Subjective Image Evaluation
The subject matter
Date the experiment performed
The number of judges participated
The number of samples
1 2 3 4 5 6 7 8 9 10
A 0 0 0 0 0 0 0 0 0 0
B 3 1 2 2 2 2 4 3 2 2 2.30
C 1 2 1 1 3 1 1 1 1 1 1.30
D 3 3 4 3 4 3 3 3 3 3 3.20
E 3 4 3 4 1 4 2 3 4 4 3.20
Triads 1 0 0 0 0 0 0 1 0 0
Print
2 3 4 5 6 7 9
A 0 0 0 0 0 0 0 0.00
B 1 2 2 2 2 4 2 2.14
C 2 1 1 3 1 1 1 1.43
D 3 4 3 4 3 3 3 3.29
E 4 3 4 1 4 2 4 3.143
The number of judges who are consistent: 7







G. Test for Consistency Among Judges
Number of 
Print (P)
3 4 5 6 7
2 3 4 5 6 7 9 3 64.4 103.9 157.3
A 0 0 0 0 0 0 0 4 49.5 88.4 143.3 217.0
B 1 2 2 2 2 4 2 5 62.6 112.3 182.4 276.2
C 2 1 1 3 1 1 1 6 75.7 136.1 221.4 335.2
D 3 4 3 4 3 3 3 7 48.1 101.7 183.7 299.0 453.1
E 4 3 4 1 4 2 4 8 60.0 127.8 231.2 376.7 571.0
Critical value
Sum of all totals: **Sum of squares (S): > 276.2
Note: Col_9: Sum of all totals = Sum of all scores from all consistent judges **
Col_10: *Average total = Sum of all totals / Number of prints
Col_11 = Col_9 - Col_10
Col_12 = Square of Col_11
Formula: W = 12 (S) / (J2P(P2 - 1))
where J: Number of consistent judges 7
P: Number of prints 5
S: Sum of squares 358
W = 0.7
Note: 1. The value of W will equal 1.0 when there is perfect agreement among all judges, and equal 0.0 if there is no agreement.
3. The exact value of the average correlation R can be computed from W by the following formula:
R = (JW -1) / (J - 1) R = 0.7
where J: Number of consistent judges
W: Coefficient of concordance
H. Test for Real Difference Among Prints
Judges who are consistent 7
The number of samples 5
2 3 4 5 6
4-14 4-17 A
5-11 5-15 6-18 6-22 B
6-14 7-18 8-22 9-26 C 12
7-11 8-16 9-21 10-26 11-31 D
8-13 10-18 11-24 12-30 14-35 E
9-15 11-21 13-27 15-33 17-39
11-16 13-23 15-30 17-37 19-44
12-18 15-25 17-33 20-40 22-48
Print
Judges who are consistent





UV Cut - D50
Ranking Summary
Worst
Critical values for significance of agreement 
among judges, .05 level of significance

































5 C + 5 M + 5 Y - GRL D50
Concept #2 - Simple Scaling - D50
OBC - D50




Judges who are consistent (0 triad)
64
2. The value of W is a measure of the total correlation when more than two judges are involved, and is an approximation 
of the average correlation between judges taken two at a time.
70 358
22
There is a significant level of 
agreement among judges
The value of S (Sum of squares) must exceed the 
value shown in the above table to indicate a 
significant amount of agreement among judges.
Total for all 
judges
Enter the table below. The row corresponds to the number of judges who are consistent. The column corresponds to the number of 
prints judged. For any print with real differences among other prints, its totals for that print (Col_9) must be lower than the first of 
the two values given in the Table below, or greater than the second value. The risk of error associated with the judgment that one 
or more prints differs from the others is 0.05.
If the conclusion of the previous test is that the judges do in fact agree, a measure of the amount of agreement is found in 
the coefficient of concordance.
Print
















UV Included - D50
Description
UV Cut - D50









Figure 25:  Paired comparison analysis of 5C + 10M sample 
E. Summary of Subjective Image Evaluation
The subject matter
Date the experiment performed
The number of judges participated
The number of samples
1 2 3 4 5 6 7 8 9 10
A 0 0 0 0 0 0 0 0 0 0
B 4 2 3 4 2 3 4 4 4 2 3.20
C 1 1 1 1 1 1 1 1 1 1 1.00
D 2 4 4 3 4 4 3 3 2 4 3.30
E 3 3 2 2 3 2 2 2 3 3 2.50
Triads 0 0 0 0 0 0 0 0 0 0
Print
1 2 3 4 5 6 7
A 0 0 0 0 0 0 0 0.00
B 4 2 3 4 2 3 4 3.14
C 1 1 1 1 1 1 1 1.00
D 2 4 4 3 4 4 3 3.43
E 3 3 2 2 3 2 2 2.429
The number of judges who are consistent: 7







G. Test for Consistency Among Judges
Number of 
Print (P)
3 4 5 6 7
1 2 3 4 5 6 7 3 64.4 103.9 157.3
A 0 0 0 0 0 0 0 4 49.5 88.4 143.3 217.0
B 4 2 3 4 2 3 4 5 62.6 112.3 182.4 276.2
C 1 1 1 1 1 1 1 6 75.7 136.1 221.4 335.2
D 2 4 4 3 4 4 3 7 48.1 101.7 183.7 299.0 453.1
E 3 3 2 2 3 2 2 8 60.0 127.8 231.2 376.7 571.0
Critical value
Sum of all totals: **Sum of squares (S): > 276.2
Note: Col_9: Sum of all totals = Sum of all scores from all consistent judges **
Col_10: *Average total = Sum of all totals / Number of prints
Col_11 = Col_9 - Col_10
Col_12 = Square of Col_11
Formula: W = 12 (S) / (J2P(P2 - 1))
where J: Number of consistent judges 7
P: Number of prints 5
S: Sum of squares 418
W = 0.9
Note: 1. The value of W will equal 1.0 when there is perfect agreement among all judges, and equal 0.0 if there is no agreement.
3. The exact value of the average correlation R can be computed from W by the following formula:
R = (JW -1) / (J - 1) R = 0.8
where J: Number of consistent judges
W: Coefficient of concordance
H. Test for Real Difference Among Prints
Judges who are consistent 7
The number of samples 5
2 3 4 5 6
4-14 4-17 A
5-11 5-15 6-18 6-22 B
6-14 7-18 8-22 9-26 C 12
7-11 8-16 9-21 10-26 11-31 D
8-13 10-18 11-24 12-30 14-35 E
9-15 11-21 13-27 15-33 17-39
11-16 13-23 15-30 17-37 19-44




UV Included - D50
Description
UV Cut - D50



















7Concept #1 - Averaging - D50
There is a significant level of 
agreement among judges
The value of S (Sum of squares) must exceed the 
value shown in the above table to indicate a 
significant amount of agreement among judges.
Total for all 
judges
Enter the table below. The row corresponds to the number of judges who are consistent. The column corresponds to the number of 
prints judged. For any print with real differences among other prints, its totals for that print (Col_9) must be lower than the first of 
the two values given in the Table below, or greater than the second value. The risk of error associated with the judgment that one 
or more prints differs from the others is 0.05.
If the conclusion of the previous test is that the judges do in fact agree, a measure of the amount of agreement is found in 
the coefficient of concordance.
Print
9
2. The value of W is a measure of the total correlation when more than two judges are involved, and is an approximation 
of the average correlation between judges taken two at a time.
70 418
17
5 C + 10 M - GRL D50
Concept #2 - Simple Scaling - D50
UV Included - D50































UV Cut - D50
Ranking Summary
Worst
Critical values for significance of agreement 







Concept #1 - Averaging - D50
Print
Judges who are consistent






Figure 26:  Paired comparison analysis of 10C + 5M sample 
E. Summary of Subjective Image Evaluation
The subject matter
Date the experiment performed
The number of judges participated
The number of samples
1 2 3 4 5 6 7 8 9 10
A 0 0 0 0 0 0 0 0 0 0
B 3 3 3 4 3 4 4 4 3 3 3.40
C 1 1 1 1 1 1 1 1 1 1 1.00
D 4 4 4 3 4 3 3 3 2 4 3.40
E 2 2 2 2 2 2 2 2 4 2 2.20
Triads 0 0 0 0 0 0 0 0 0 0
Print
1 2 3 4 5 6 7
A 0 0 0 0 0 0 0 0.00
B 3 3 3 4 3 4 4 3.43
C 1 1 1 1 1 1 1 1.00
D 4 4 4 3 4 3 3 3.57
E 2 2 2 2 2 2 2 2
The number of judges who are consistent: 7







G. Test for Consistency Among Judges
Number of 
Print (P)
3 4 5 6 7
1 2 3 4 5 6 7 3 64.4 103.9 157.3
A 0 0 0 0 0 0 0 4 49.5 88.4 143.3 217.0
B 3 3 3 4 3 4 4 5 62.6 112.3 182.4 276.2
C 1 1 1 1 1 1 1 6 75.7 136.1 221.4 335.2
D 4 4 4 3 4 3 3 7 48.1 101.7 183.7 299.0 453.1
E 2 2 2 2 2 2 2 8 60.0 127.8 231.2 376.7 571.0
Critical value
Sum of all totals: **Sum of squares (S): > 276.2
Note: Col_9: Sum of all totals = Sum of all scores from all consistent judges **
Col_10: *Average total = Sum of all totals / Number of prints
Col_11 = Col_9 - Col_10
Col_12 = Square of Col_11
Formula: W = 12 (S) / (J2P(P2 - 1))
where J: Number of consistent judges 7
P: Number of prints 5
S: Sum of squares 466
W = 1.0
Note: 1. The value of W will equal 1.0 when there is perfect agreement among all judges, and equal 0.0 if there is no agreement.
3. The exact value of the average correlation R can be computed from W by the following formula:
R = (JW -1) / (J - 1) R = 0.9
where J: Number of consistent judges
W: Coefficient of concordance
H. Test for Real Difference Among Prints
Judges who are consistent 7
The number of samples 5
2 3 4 5 6
4-14 4-17 A
5-11 5-15 6-18 6-22 B
6-14 7-18 8-22 9-26 C 12
7-11 8-16 9-21 10-26 11-31 D
8-13 10-18 11-24 12-30 14-35 E
9-15 11-21 13-27 15-33 17-39
11-16 13-23 15-30 17-37 19-44
12-18 15-25 17-33 20-40 22-48
Print
Judges who are consistent





UV Cut - D50
Ranking Summary
Worst
Critical values for significance of agreement 


































10 C + 5 M - GRL D50
Concept #2 - Simple Scaling - D50
UV Included - D50




Judges who are consistent (0 triad)
0
2. The value of W is a measure of the total correlation when more than two judges are involved, and is an approximation 
of the average correlation between judges taken two at a time.
70 466
14
There is a significant level of 
agreement among judges
The value of S (Sum of squares) must exceed the 
value shown in the above table to indicate a 
significant amount of agreement among judges.
Total for all 
judges
Enter the table below. The row corresponds to the number of judges who are consistent. The column corresponds to the number of 
prints judged. For any print with real differences among other prints, its totals for that print (Col_9) must be lower than the first of 
the two values given in the Table below, or greater than the second value. The risk of error associated with the judgment that one 
or more prints differs from the others is 0.05.
If the conclusion of the previous test is that the judges do in fact agree, a measure of the amount of agreement is found in 
the coefficient of concordance.
Print
















UV Included - D50
Description
UV Cut - D50









Figure 27:  Paired comparison analysis of 10M + 5Y sample 
E. Summary of Subjective Image Evaluation
The subject matter
Date the experiment performed
The number of judges participated
The number of samples
1 2 3 4 5 6 7 8 9 10
A 0 0 0 0 0 0 0 0 0 0
B 1 1 2 1 1 1 2 2 1 1 1.30
C 2 4 1 2 3 2 1 1 3 2 2.10
D 3 2 3 3 2 4 4 3 3 3 3.00
E 4 3 4 4 4 3 3 4 3 4 3.60
Triads 0 0 0 0 0 0 0 0 1 0
Print
1 2 3 4 5 6 7
A 0 0 0 0 0 0 0 0.00
B 1 1 2 1 1 1 2 1.29
C 2 4 1 2 3 2 1 2.14
D 3 2 3 3 2 4 4 3.00
E 4 3 4 4 4 3 3 3.571
The number of judges who are consistent: 7







G. Test for Consistency Among Judges
Number of 
Print (P)
3 4 5 6 7
1 2 3 4 5 6 7 3 64.4 103.9 157.3
A 0 0 0 0 0 0 0 4 49.5 88.4 143.3 217.0
B 1 1 2 1 1 1 2 5 62.6 112.3 182.4 276.2
C 2 4 1 2 3 2 1 6 75.7 136.1 221.4 335.2
D 3 2 3 3 2 4 4 7 48.1 101.7 183.7 299.0 453.1
E 4 3 4 4 4 3 3 8 60.0 127.8 231.2 376.7 571.0
Critical value
Sum of all totals: **Sum of squares (S): > 276.2
Note: Col_9: Sum of all totals = Sum of all scores from all consistent judges **
Col_10: *Average total = Sum of all totals / Number of prints
Col_11 = Col_9 - Col_10
Col_12 = Square of Col_11
Formula: W = 12 (S) / (J2P(P2 - 1))
where J: Number of consistent judges 7
P: Number of prints 5
S: Sum of squares 392
W = 0.8
Note: 1. The value of W will equal 1.0 when there is perfect agreement among all judges, and equal 0.0 if there is no agreement.
3. The exact value of the average correlation R can be computed from W by the following formula:
R = (JW -1) / (J - 1) R = 0.8
where J: Number of consistent judges
W: Coefficient of concordance
H. Test for Real Difference Among Prints
Judges who are consistent 7
The number of samples 5
2 3 4 5 6
4-14 4-17 A
5-11 5-15 6-18 6-22 B
6-14 7-18 8-22 9-26 C 12
7-11 8-16 9-21 10-26 11-31 D
8-13 10-18 11-24 12-30 14-35 E
9-15 11-21 13-27 15-33 17-39
11-16 13-23 15-30 17-37 19-44
12-18 15-25 17-33 20-40 22-48
Print
Judges who are consistent





UV Cut - D50
Ranking Summary
Worst
Critical values for significance of agreement 
among judges, .05 level of significance

































10 M + 5 Y - GRL D50
OBC - D50
Concept #2 - Simple Scaling - D50




Judges who are consistent (0 triad)
121
2. The value of W is a measure of the total correlation when more than two judges are involved, and is an approximation 
of the average correlation between judges taken two at a time.
70 392
25
There is a significant level of 
agreement among judges
The value of S (Sum of squares) must exceed the 
value shown in the above table to indicate a 
significant amount of agreement among judges.
Total for all 
judges
Enter the table below. The row corresponds to the number of judges who are consistent. The column corresponds to the number of 
prints judged. For any print with real differences among other prints, its totals for that print (Col_9) must be lower than the first of 
the two values given in the Table below, or greater than the second value. The risk of error associated with the judgment that one 
or more prints differs from the others is 0.05.
If the conclusion of the previous test is that the judges do in fact agree, a measure of the amount of agreement is found in 
the coefficient of concordance.
Print
















UV Included - D50
Description
UV Cut - D50









Figure 28:  Paired comparison analysis of 15C + 15Y sample 
E. Summary of Subjective Image Evaluation
The subject matter
Date the experiment performed
The number of judges participated
The number of samples
1 2 3 4 5 6 7 8 9 10
A 0 0 0 0 0 0 0 0 0 0
B 1 1 3 1 1 3 3 2 2 2 1.90
C 4 3 3 2 4 3 1 1 3 3 2.70
D 3 3 1 3 3 2 3 3 3 2 2.60
E 2 3 3 4 2 2 3 4 2 3 2.80
Triads 0 1 1 0 0 2 1 0 2 2
Print
1 4 5 8
A 0 0 0 0 0.00
B 1 1 1 2 1.25
C 4 2 4 1 2.75
D 3 3 3 3 3.00
E 2 4 2 4 3
The number of judges who are consistent: 4







G. Test for Consistency Among Judges
Number of 
Print (P)
3 4 5 6 7
1 4 5 8 3 64.4 103.9 157.3
A 0 0 0 0 4 49.5 88.4 143.3 217.0
B 1 1 1 2 5 62.6 112.3 182.4 276.2
C 4 2 4 1 6 75.7 136.1 221.4 335.2
D 3 3 3 3 7 48.1 101.7 183.7 299.0 453.1
E 2 4 2 4 8 60.0 127.8 231.2 376.7 571.0
Critical value
Sum of all totals: **Sum of squares (S): > 62.6
Note: Col_9: Sum of all totals = Sum of all scores from all consistent judges **
Col_10: *Average total = Sum of all totals / Number of prints
Col_11 = Col_9 - Col_10
Col_12 = Square of Col_11
Formula: W = 12 (S) / (J2P(P2 - 1))
where J: Number of consistent judges 4
P: Number of prints 5
S: Sum of squares 114
W = 0.7
Note: 1. The value of W will equal 1.0 when there is perfect agreement among all judges, and equal 0.0 if there is no agreement.
3. The exact value of the average correlation R can be computed from W by the following formula:
R = (JW -1) / (J - 1) R = 0.6
where J: Number of consistent judges
W: Coefficient of concordance
H. Test for Real Difference Among Prints
Judges who are consistent 4
The number of samples 5
2 3 4 5 6
4-14 4-17 A
5-11 5-15 6-18 6-22 B
6-14 7-18 8-22 9-26 C 6
7-11 8-16 9-21 10-26 11-31 D
8-13 10-18 11-24 12-30 14-35 E
9-15 11-21 13-27 15-33 17-39
11-16 13-23 15-30 17-37 19-44
12-18 15-25 17-33 20-40 22-48
Print
Judges who are consistent





UV Cut - D50
Ranking Summary
Worst
Critical values for significance of agreement 
among judges, .05 level of significance

































15 C + 15 Y - GRL D50
Concept #2 - Simple Scaling - D50
OBC - D50




Judges who are consistent (0 triad)
16
2. The value of W is a measure of the total correlation when more than two judges are involved, and is an approximation 
of the average correlation between judges taken two at a time.
40 114
12
There is a significant level of 
agreement among judges
The value of S (Sum of squares) must exceed the 
value shown in the above table to indicate a 
significant amount of agreement among judges.
Total for all 
judges
Enter the table below. The row corresponds to the number of judges who are consistent. The column corresponds to the number of 
prints judged. For any print with real differences among other prints, its totals for that print (Col_9) must be lower than the first of 
the two values given in the Table below, or greater than the second value. The risk of error associated with the judgment that one 
or more prints differs from the others is 0.05.
If the conclusion of the previous test is that the judges do in fact agree, a measure of the amount of agreement is found in 
the coefficient of concordance.
Print
















UV Included - D50
Description
UV Cut - D50









Figure 29:  Paired comparison analysis of Paper White sample 
E. Summary of Subjective Image Evaluation
The subject matter
Date the experiment performed
The number of judges participated
The number of samples
1 2 3 4 5 6 7 8 9 10
A 0 0 0 0 0 0 0 0 0 0
B 2 3 4 2 4 2 3 3 2 2 2.70
C 1 1 1 1 1 1 1 1 1 1 1.00
D 3 3 3 3 2 3 3 2 3 3 2.80
E 4 3 2 4 3 4 3 4 4 4 3.50
Triads 0 1 0 0 0 0 1 0 0 0
Print
1 3 4 5 6 8 9
A 0 0 0 0 0 0 0 0.00
B 2 4 2 4 2 3 2 2.71
C 1 1 1 1 1 1 1 1.00
D 3 3 3 2 3 2 3 2.71
E 4 2 4 3 4 4 4 3.571
The number of judges who are consistent: 7







G. Test for Consistency Among Judges
Number of 
Print (P)
3 4 5 6 7
1 3 4 5 6 8 9 3 64.4 103.9 157.3
A 0 0 0 0 0 0 0 4 49.5 88.4 143.3 217.0
B 2 4 2 4 2 3 2 5 62.6 112.3 182.4 276.2
C 1 1 1 1 1 1 1 6 75.7 136.1 221.4 335.2
D 3 3 3 2 3 2 3 7 48.1 101.7 183.7 299.0 453.1
E 4 2 4 3 4 4 4 8 60.0 127.8 231.2 376.7 571.0
Critical value
Sum of all totals: **Sum of squares (S): > 276.2
Note: Col_9: Sum of all totals = Sum of all scores from all consistent judges **
Col_10: *Average total = Sum of all totals / Number of prints
Col_11 = Col_9 - Col_10
Col_12 = Square of Col_11
Formula: W = 12 (S) / (J2P(P2 - 1))
where J: Number of consistent judges 7
P: Number of prints 5
S: Sum of squares 416
W = 0.8
Note: 1. The value of W will equal 1.0 when there is perfect agreement among all judges, and equal 0.0 if there is no agreement.
3. The exact value of the average correlation R can be computed from W by the following formula:
R = (JW -1) / (J - 1) R = 0.8
where J: Number of consistent judges
W: Coefficient of concordance
H. Test for Real Difference Among Prints
Judges who are consistent 7
The number of samples 5
2 3 4 5 6
4-14 4-17 A
5-11 5-15 6-18 6-22 B
6-14 7-18 8-22 9-26 C 12
7-11 8-16 9-21 10-26 11-31 D
8-13 10-18 11-24 12-30 14-35 E
9-15 11-21 13-27 15-33 17-39
11-16 13-23 15-30 17-37 19-44
12-18 15-25 17-33 20-40 22-48
Print
Judges who are consistent





UV Cut - D50
Ranking Summary
Worst
Critical values for significance of agreement 
among judges, .05 level of significance

































Paper White - GRL D50
OBC - D50
UV Included - D50




Judges who are consistent (0 triad)
121
2. The value of W is a measure of the total correlation when more than two judges are involved, and is an approximation 
of the average correlation between judges taken two at a time.
70 416
25
There is a significant level of 
agreement among judges
The value of S (Sum of squares) must exceed the 
value shown in the above table to indicate a 
significant amount of agreement among judges.
Total for all 
judges
Enter the table below. The row corresponds to the number of judges who are consistent. The column corresponds to the number of 
prints judged. For any print with real differences among other prints, its totals for that print (Col_9) must be lower than the first of 
the two values given in the Table below, or greater than the second value. The risk of error associated with the judgment that one 
or more prints differs from the others is 0.05.
If the conclusion of the previous test is that the judges do in fact agree, a measure of the amount of agreement is found in 
the coefficient of concordance.
Print
















UV Included - D50
Description
UV Cut - D50
Min for Real 
Diff.
Max for 
Real Diff.
30
No
Yes
